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ABSTRACT
Traditional forms of communication such as landlines and cell phones are unreliable during disaster
scenarios. It is difficult to coordinate relief efforts in the aftermath of a disaster due to the unavailability
of reliable communication methods. The SCUCube is a 3U CubeSat designed to aid disaster relief
communications. The satellite has an amateur radio primary payload that can send and receive
standardized data packets with compatible radios, and also has an experimental attitude control system
secondary payload. The semi-passive attitude control system uses a gravity gradient boom and a reaction
wheel to stabilize the orientation of the satellite. In addition, the satellite uses 3D printed and aluminum
components for internal mounting features. The satellite also implements legacy work from previous
Santa Clara University senior projects, including an outer structural design, a solar panel design, a
distributed computing system, and an electronic power board design. SCUCube’s communication payload
has demonstrated the capability to send and receive standard AX.25 data packets, as well as store
messages for later downlink. Individual subsystems on the satellite have been designed, assembled and
tested, and are currently integrated with one another in a ‘Flat satellite’ testing configuration. In addition,
structural testing has been completed to determine if the system will survive launch. Before it may be
launched, the satellite needs to be assembled in flight configuration and tested to ensure that subsystems
behave as anticipated. SCUCube will provide vital communications services once it is launched, and will
also test an experimental attitude control system.
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Chapter 1: Introduction
1.1: Background
The CubeSat was first proposed in 1999 by a joint team between Stanford University and California
Polytechnic State University, San Luis Obispo [1]. The initial goal of the CubeSat program was to
provide graduate students with an opportunity to design, build, test and operate spacecraft in a smaller and
less expensive way. The first CubeSat was successfully launched in 2003 and over one-hundred CubeSats
have been placed in orbit since.

Figure 1: Image of 3U CubeSat Structure [2]*

As CubeSats grew more common, a need rose for a set of regulated guidelines for all CubeSats. Cal Poly
developed the Poly-Picosatellite Orbital Deployer (P-POD), a device that could be attached to the
spacecraft responsible for launching CubeSats once in orbit. This can be seen in Figure 2. The P-POD set
some ground rules for the dimensions, mass, and general structural design of CubeSats and separated
CubeSats into groups by size. 1U CubeSats are 10cm x 10cm x 11.35cm, 3U CubeSats are 34.05cm x
10cm x 10cm, and 6U CubeSats are 34.05cm x 20cm x 10cm. [1]
Santa Clara University (SCU) began work with nanosatellites in the late 1990’s before the CubeSat
program had been established. The Robotic Systems Laboratory (RSL), formally known as the Santa
Clara Remote and Extreme Environment Mechanisms Lab (SCREEM),focused primarily on
undergraduate students at that time. Early flight projects included the Barnacle [3], Artemis [4], and the
Emerald mission [5], which was a joint project with graduate students of Stanford University. There have
been three separate CubeSat senior projects in recent years, each working on developing key subsystems
in a CubeSat. These projects include a structural design for a 3U CubeSat, a solar panel design and
procedures for its production, and most recently a power distribution board design. In addition, SCU has
established an international reputation for conducting mission operations for professional CubeSat
missions funded by NASA and industry partners [6].
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Figure 2: Image of P-POD [3]*

Our team’s main task was to design a disaster relief communications satellite. In order to meet our
mission requirements, an amateur radio communications payload was developed for the satellite. The
team also developed a semi-passive attitude control system consisting of a gravity gradient boom and a
reaction wheel. The team also modified a legacy structural design to add additional features and designed
several internal mounting brackets necessary to house all of the subsystems within the satellite structure.
Legacy solar panel and power distribution boards were modified and upgraded to ensure that SCUCube
conforms to all Cubesat requirements and to extend their functionality. In addition the team has built on
distributed computed system developed at the Robotic Systems Laboratory. Overall, the team has
successfully adapted previous design work into a novel 3U Cubesat that is able to pass data messages
back and forth to amateur radio operators.
1.2: Review of Literature
Research and development of CubeSat design, fabrication, and testing has resulted in a wealth of
established best practices and standards. However, newer research supports the possibility for innovative
designs, including 3D-printing of structural components, gravity gradient control, and other non-standard
applications. Current research serves as a solid backbone for our team’s project. Previous senior design
theses serve both as a technical reference for the current design team, as well as examples of how past
projects were organized and executed. Many of the concepts explored in previous iterations of the project
will be either replicated, finished or improved upon, making the documentation of such projects key to the
success of the current one. In addition, established standards from the “CubeSat Design Specification”
developed by California Polytechnic State University, which relate to requirements of the launch vehicle,
will help define the constraints for the project and will separate what is feasible from what is not. There
exists a wealth of information and previous projects from which to draw guidance, seek inspiration, and
ultimately improve upon.
The “CubeSat Design Specification” provides hard requirements for all CubeSat’s that will be launched in
what is known as a P-Pod. The P-Pod is a launch dispenser capable of deploying multiple satellites at
once, and thus requires certain design standardizations among the satellites. The standard defined the
outer dimensions of the CubeSat, as well as the material and finish of the rails which interfaces with the
launch dispenser. It also requires the installation of a button and pin combination that ensures the satellite
power and computer systems do not come online until the satellite is deployed from the launch vehicle.
The list of specifications goes on, including center of mass tolerances and natural frequency requirements,
ensuring that the satellite will survive a launch without interfering with the dispenser or other satellites in
the dispenser. Parts of the standard are also driven by typical requirements of satellites including offgassing limitations and a requirement that prohibits the creations of any excess space debris. This
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standard helps define the boundaries of any CubeSat project and establishes where innovation is possible
and where standard practice must be implemented. It serves as a crucial resource and must constantly be
checked against the new CubeSat designs. [1]
Senior design theses, produced in 2012 [4], 2013 [5], and 2014 [6] are extremely relevant to the current
project in that they were developed at Santa Clara University and established similar goals and mission
statements. The current project differs in its specification of a communications payload, but can still find
pertinent information, regarding computer architecture, electrical power system design, and structural and
thermal design from these previous theses. Wherever possible, the current team hopes to replicate
successes from the previous projects to avoid redundancy and wasted time on a design that is already
sufficient for the satellite. The current project team focused on the development of a select group of new
and innovative design ideas, while using previous work as a base from which to expand. Documentation
for these projects is extremely thorough and documents and analyses referenced in the theses have been
found in the Santa Clara University archives. This level of documentation and detail is extremely useful
in educating and preparing the current team for project activities throughout the upcoming year.
Other resources, unrelated to Santa Clara University, prove most useful when exploring the feasibility of
new ideas. Sources have been found which examine 3D-printing of CubeSat structures in non-standard
materials such as Tungsten. Research such as this supports the feasibility of, and gives reason for,
exploring such design techniques. Future database queries and research will undoubtedly reveal more,
innovative design ideas, as well as exploration into the benefits of said concepts. Many of these resources
also provide instruction and examples of testing of CubeSat designs, whether that is thermal testing,
vibration testing, or functionality testing. Testing is a key part of the evaluation, and ultimate approval, of
a CubeSat design. Thus, the current project team relied heavily on documentation of testing procedures,
adapting existing procedures to the testing equipment and resources available at Santa Clara University.
Overall, the problem solving, standardization, and future projection of innovation for CubeSat’s has been
thoroughly documented and provides a valuable wealth of information which the current project team can
rely upon. The current team has the goal of identifying and accomplishing new and innovative ideas
relating to mission purpose, satellite functionality, and structural design. It is important that these goals be
achieved while maintaining equal or improved performance with regards to the designs laid out in
previous iterations of CubeSat design. This is where current CubeSat literature becomes valuable.
Overall, projects have been well documented and presented, making it relatively easy for the current
senior design team to educate itself on the technical workings of CubeSats. Once comfortable within the
CubeSat project, team members were able to draw upon a multitude of sources, both standard and
explorative, while working towards the goal of contributing to the CubeSat literature in a meaningful and
innovative way.
1.3: Statement of Project Objectives
The SCUCube is a 3U CubeSat that has a primary amateur radio communications payload and a
secondary technological demonstration attitude control payload. The primary payload is an amateur radio
communications package that uses amateur radio and can disseminate information during a disaster. An
off the shelf radio was integrated with an onboard microcontroller and software was written to control the
high level functionality of this radio system. The experimental payload is an attitude control system that
uses a deployable gravity gradient boom to passively stabilize the satellite. A novel boom deployment
mechanism was developed for the satellite; this mechanism may be adapted to function with different
satellite busses. A rudimentary control system for a reaction wheel was designed in order to invert the
satellite in the event that the satellite stabilizes in the off-nominal direction. SCUCube will important
information to disaster-stricken areas around the world once in orbit and could also be used as an
educational outreach tool when there are no pressing emergencies.
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To reduce development time and cost, our team adapted work from several previous senior design
projects. A legacy avionics platform was adopted and functionality was extended to support the SCUCube
mission. Existing designs for solar panels and a power distribution board were upgraded by adding
sensing circuitry in addition to power inhibition circuitry. A legacy structural design was adopted and
tailored to suit the needs of the satellite. In addition, several internal mounting brackets were developed to
house necessary electronics boards within the satellite. A simple off the shelf radio transceiver was
integrated into the spacecraft for command and telemetry communications, and an off the shelf
transmitter was adopted to transmit beacon messages from the satellite.
In addition to these design objectives, subsystems were designed in a manner that testing and analysis
could be performed independently of other subsystems where possible. The team adopted this approach in
order to rapidly develop several different subsystems on the satellite in parallel. By designing subsystems
for testing capabilities, the team ensured that each subsystem will fulfill its requirements.
In addition to the development of subsystems for the SCUCube satellite, several subsystems will be
developed and expanded upon for EdgeCube, a CubeSat being developed by Sonoma State University.
Santa Clara University has partnered up with Sonoma State University in a collaborative effort of both
universities’ small satellite programs. As part of this collaboration, several members of the project team
will work to integrate a beacon into EdgeCube as well as finish work on an existing structure.
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Chapter 2: System Level
2.1: Customer Needs
Performing a customer needs analysis for our satellite helped us focus our work to build a product that our
customers can use. Our research showed that a CubeSat with HAM radio capabilities would have a
primary market of non-profit companies and a secondary market of hobbyist HAM radio users. Our
primary market requires that we have a low-cost system that is easy to use and reliable. It would also be
ideal if a product could be made specifically for their needs. The secondary market has very similar
means, meaning we do not need to develop the product further for their requirements.
Our market does not have many competitors. The satellite industry may easily be considered a niche
market, where there are few seller and buyers and low sales volumes with high prices. There is an
untapped part of the satellite market: low priced CubeSats that are developed to the customer's needs. Our
competitors offer good quality reliable satellites; however, they are not low cost and are usually not built
for the customer’s needs. Another issue that our customers would have if they used a competitor's product
is the large amount of necessary training that would make the product inaccessible to them. The
competitors are also not easy to contract with. Many of them sell to Lockheed Martin, NASA, and the like
which would make them out of reach for the market we hope to reach.
When gathering data, we had a lot of trouble getting in contact with potential users. We reached out to
nonprofits, HAM radio companies, and even hobbyist HAM radio users. Unfortunately, these contacts did
not get back to us, so we instead reached out to our connections within the greater satellite
community. Our responders were instructed to respond as industry experts, not as advisors. All our
contacts were male, middle class, and all worked with satellites. Each of our contacts had a different
perspective on the industry which was helpful in getting a whole view of our market. Another important
aspect of our information gathering is that we contacted Sonoma State University and discussed their
needs for our project. These needs were very different from our market needs; however, they are also an
important consideration for our project.
Another important note to take from our interviews is that most of our contacts suggested an easy to
understand training program to use our satellite. This will be an important part of our satellite’s
development down the line, but is not within the scope of our project.
To determine the importance of our needs we first considered the importance of each of our stakeholders.
The stakeholders are Sonoma State, Santa Clara University, and our potential customers. Sonoma State’s
needs are of high importance because the Robotic Systems Laboratory has a NASA grant with them to
provide subsystems of our final product. Santa Clara is very important because this project is a
requirement for our graduation; however, they do not act as a target market with needs here. Their needs
will be met through project management procedures rather than by the qualities of our product. Potential
customers are the most important group to build for. They are the people who will spend money for our
product, and will rely upon our product for communications services.
We should start our importance of needs by considering our first adopter because they will be the first
customer to interact with our product. Their impression will be critical for gaining a good reputation for
our product. Our first adapter is Sonoma State who has several requirements for our satellite to fulfill to
receive a good recommendation. Our team would not consider Sonoma State an innovator. They are not
seeking out the product because they would like to be the first to try it, but instead are entering a contract
to be our customer. Therefore, Sonoma State is classified as an early adopter of some of our technology.
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This is a unique case because the first adopter’s needs will be different from the first majority’s needs.
The first majority will be the nonprofits we can get in contact with to sell our satellite. These users’ needs
are that the product is low cost, reliable, and easy to use. Our interviews best reflect this group of
customers. Since they will be one of the largest groups of customers, it is important that their needs are
met.
Lastly, we considered the preferences of our group. First and foremost, we wanted our satellite to be fully
functional by the end of the year. This need is relevant to all potential users and customers. Another
important need for our group was that our satellite uses 3D printed components, which was also a
requirement from Sonoma State. Another requirement we have is that we meet all the specification
standards as listed in the CubeSat Standard, as the satellite will not be considered for a launch otherwise.
The culmination of these stakeholder’s requirements allowed us to rank our needs by importance.
Ultimately it will be most important to provide a working satellite that meets the required standards. Our
primary customer requires that our system is low cost, reliable, and easy to use and allows up to date
information to be spread to disaster areas. The secondary customer has these same needs. The first
adopter, Sonoma State, has the requirements that are listed above. Sonoma’s requirements will be mostly
met as we work on the project focused on our primary customer requirements. Throughout this process,
we have narrowed the scope of our project by targeting one part of the satellite community. Having the
customer’s needs in mind as we worked through our project helped us to develop goals, make important
decisions, and have a successful project by the end of the year.
2.2: System Level Requirements
The major requirement for this project is to design and build an operational CubeSat satellite conforming
to CubeSat standard. To help manage the design process, the satellite was divided into five major areas of
design, each with its own set of requirements. These areas are communications, attitude control, power
management, thermal design, and structural design. These subsystem requirements were derived from a
set of mission level requirements which defines the high level objectives that SCUCube ought to achieve.
Table 1 shows several of the mission requirements.
Table 1: Several tabulated subsystem requirements.

Requirement
MO1
MO2
MO3

MO4
MO5

Definition
The system shall demonstrate use of 3D Printed components in
the structure of the satellite.
The system shall demonstrate performance of an onboard multicomponent attitude control system.
The system shall employ an onboard HAM radio
communications payload for use with disaster response teams
and for public outreach activities.
The system shall make use of RSL resources and legacy senior
design work.
The system shall conform to all Cubesat design specifications.

Priority
High
Medium
Medium

High
High

The payload communication system must use a data rate of 9600 bits per second for the satellite to
complete its mission. The attitude control system needs to orient the satellite to within +- 30 degrees so
that the solar panels and communication system can function properly. The power management system
must harvest enough energy via the solar panels to adequately power all subsystems and maintain a
battery with a sufficient charge. The thermal design must ensure all components in the CubeSat stay
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within their individual temperature limits. The structure of the satellite must withstand the vibrations
experienced during launch, as well as secure all subsystems within a 3U frame as specified in the CubeSat
standard. Additional specific system and subsystem level requirements can be found in the requirements
flow down found in Appendix C.
2.3: Physical Sketch with User Scenario
As seen below, Figure 3 shows the Mission Architecture diagram for the SCUCube. The SCUCube will
be launched via a P-POD or NanoRacks in accordance with the CubeSat standard set forth by Cal Poly.
Once the SCUCube is deployed, the Electronic Power System (EPS) will enter its start-up mode, and the
antennas will deploy. This initial mode lasts for around one hour, and is to ensure that the SCUCube
continues to follow the CubeSat standard, which states that no physical deployment from the satellite can
occur in the first thirty minutes after deployment, and no signal processing can occur in the first forty-five
minutes. During this first hour, the on-board battery will be allowed to charge via the solar panels. At the
end of the one hour period the satellite’s subsystems will be powered by the EPS. Here, the Attitude
Control System (ACS) will determine when the rotation of the satellite is safe to deploy the gravity
gradient boom to stabilize the satellite. Once this occurs, communication with the satellite may begin.
This will initially be operated by students at Santa Clara University, as well as all satellite controls. Future
Santa Clara University work will allow customers access to satellite communications using HAM radio
using a cost effective, deployable ground communication station.

Figure 3: Mission Architecture
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2.4: Function Analysis
2.4.1: Functional Decomposition

Structure
Electronic Power System
Attitude Control System

Communications
Data Handling
Payload

Figure 4: Initial System Layout

The above block diagram shows our initial system layout in block diagram form. In addition to the block
diagram above, figure 5 on the following page shows a system level wiring diagram for the satellite.
Each subsystem is connected to the other subsystems with a power bus and a data bus. The power bus
provides regulated power to the different subsystems. The Data bus actually consists of two different bus
protocols, Dallas 1-wire and I2C, which allow communication between different subsystems. The Dallas1 wire bus is responsible for collecting telemetry and controlling the power delivered to individual
subsystems. The I2C bus allows the different subsystems to communicate with one another and pass data
and commands back and forth. Three components, the S-Band radio, the HAM radio (amateur band
radio), and the BCN (beacon), communicate with the ground to pass data back and forth. “SCU Ground
Station” represents the Mission Operations Center at Santa Clara that will be used to control the
spacecraft and monitor its health on orbit. “HAM operators” represents amateur radio ground stations that
will receive and send messages to the onboard payload HAM radio.
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Figure 5: Wiring Diagram with All Systems Included
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The electronic power system is responsible for collecting solar energy and charging an onboard battery, as
well as regulating power for the rest of the subsystems. Each of the 4 remaining subsystems consists of
an AVR-Sat board and peripheral electronics. The AVR boards are custom microcontroller boards based
on Atmel 128 chips that are used to perform subsystem tasks and facilitate communication between other
subsystems. These boards have general input and outputs pins as well as serial interfaces, which allows
each board to support several peripheral devices. The Communications board is responsible for
controlling the command and telemetry Microhard radio onboard the satellite. The Dallas Master / Expert
board consists of several software programs that together monitor the state of the satellite and allow
conditional rules to be set and executed based on the state of the satellite. The Attitude Control System is
responsible for controlling the orientation of the satellite as it orbits around the earth. This subsystem
contains sensing elements, namely thermopile sensors and a gyroscope, as well as a deployable gravity
gradient boom and reaction wheel for actuation. This same board also contains a scheduler, a piece of
software allowing tasks on any subsystem to be set for future execution. Finally, the Payload consists of a
HAM radio that amateur radio operators on Earth will be able to interact with. The payload may send and
receive data messages as well as store messages for future transmission with either the HAM radio or the
Microhard radio.
2.4.2: Specific Lists of Inputs and Outputs
The satellite has several inputs and outputs at the system level. These are detailed below in Table 2.
Table 2: System Inputs and Outputs
Input

Outputs

Solar power

Telemetry to ground

Commands from ground

Payload data packets/ messages

Payload data packet
Thermal energy from Sun/ Earth

Excess thermal energy
BCN signal

2.5: Benchmarking Results
The CubeSat community has been growing since the Cal Poly standard started in 1999. A lot of
universities have their own programs for building CubeSats. In addition, many companies have begun
CubeSat programs such as NASA, Pumpkin, ISIS, Maryland Aerospace, and many more. The standards
set a path for CubeSat creators to follow and have made producing CubeSats much easier. Having these
standings and examples from other company’s previous work was crucial to our design. They gave us
examples to follow for our work. In addition to these references we followed the work that previous
senior design teams have completed. For instance, we are using a modified version of a power board
from an old senior design project. We are also able to use some of Sonoma State’s previous work as a
model for our design. This includes using the same amateur radio that Sonoma State has previously used
in satellite missions. These systems were a benchmark for our project to follow throughout our design
process.
2.6: Key System Level Issues
2.6.1: Structure Material
One of the biggest decisions to be made for the SCUCube is with respect to the satellite’s structure.
Several options exist for what type of material the structure is made from and there are a few different
ways to build the structure. The most common structure for a CubeSat is a machined aluminum body.
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However, one of the initial goals for the SCUCube was to explore the possibility of 3-D printing a
satellite structure. Therefore, polycarbonate and carbon-fiber composite are also possible materials.
To determine which material is best for our CubeSat, key structural factors had to be determined and
compared. Weight, thermal properties, structural properties, manufacturability, precision of
manufacturing, and reproducibility were all determined to be key factors in the design of the CubeSat
structure. These criteria were weighted against each other for importance, and a weighted factor was
found for each criterion. A selection matrix and current literature were then used to compare 3-D printed
aluminum, polycarbonate, and carbon-fiber composite to machined aluminum. These tables can be found
in Appendix D.1. A more detailed description of the evaluation of current literature and the final decision
for the overall structure can be seen in Chapter 3. From this evaluation, the initial decision for the
SCUCube structural material is machined aluminum.
2.6.2: On Board Radio
Another large decision to make for the SCUCube is what on-board radios it will use for communications.
A very common radio to use for command and control is an S-band radio because there a wide variety of
these radios and they can easily be interfaced with a wide range of systems. The Microhard MHX-2420
has been chosen for this purpose. In addition to this radio, a Stensat Beacon Board was chosen for a
beacon radio on the satellite. This radio is used to periodically broadcast the health of the satellite in the
amateur radio bands.
Because our payload is a disaster relief communications device, we wanted a payload radio that is very
accessible to customers. We wanted to explore the possibility of software defined radio (SDR), which
allow signal processing parameters to be tuned and modified rapidly, and HAM radio which is easily
accessible by people all over the world. For our project, we explored the properties of the HackRF SDR,
Swift UTX Software SDR, and the RFM22B HAM Transceiver.
Price, size, power consumption, interfacing, configurability, and radio frequency power were all
determined to be the key factors that would influence the radio choice. We wanted a radio that offers low
power consumption, has high output radio frequency power, has good configurability, is small, is low in
price, and easily interfaces with our CubeSat. Like the structural material, these factors were all compared
with each other to determine a weighted value for each to be used in a selection matrix. These tables can
be found in Appendix D.2.
From the comparison matrix, the initial choice for the SCUCube radio is the RFM22B HAM Transceiver.
This HAM transceiver is not only smaller than all other options; it has significantly lower power draws
while still providing a high radio frequency power all at a very low price. It does not have the same
configurability as the SDR options but this is significantly outweighed by all other factors. Initial research
shows that this radio requires some minimal amplification, so amplification circuitry needed to be
designed to use this radio, but the selection matrix gave an order of importance for which radios should be
considered first. Chapter 7 describes the research into software defined radios and the choice of the
RFM22B in greater detail.
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2.7: Layout of System Level Design with Main Subsystems

Figure 6: Overall System Layout
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In Figure 6 on the previous page, the flight configuration of the satellite is shown. The bottom face of the
satellite contains the S-Band antenna. The bottom portion of the internal satellite volume contains the
Attitude Control / Scheduler AVR, Dallas Master / Expert AVR, and the Payload / Beacon AVR. An
internal mounting bracket in the center of the satellite houses several key components. The
Communications AVR as well as the S-Band radio are fastened in the bracket along with the battery and
Electronic Power System. Both the Beacon Radio and the Payload Radio are attached to the top of the
internal mounting bracket. The reaction wheel is bolted to one of the side walls in the top portion of the
structure. The boom deployment mechanism is fastened to the top end plate of the satellite and is attached
to the deployable end mass that is nested on the outside of the endplate. Finally, both the payload and
beacon antennae are fastened into a mounting bracket at the top of the satellite. In addition to the
annotated components, there are two thermopile sensors mounted in the structure. One sensor points out
of the bottom face, and one points out of the top face of the satellite. Finally, a circuit board containing an
Inertial Measurement Unit (IMU) and circuitry for the Attitude Control System is located behind the
Boom Deployment Mechanism.
2.8: Project Management
2.8.1: Project Challenges and Constraints
There are many challenges that designers are faced with when initially designing a small satellite. The
small form factor of the system and the necessity for different subsystems to work together makes design
tasks more difficult with this type of system. To mitigate this additional complexity in the design, a series
of budgeting documents have been generated which provide design specifications for individual
subsystems and collectively define an overall set of constraints and limitations on the satellite.
The design team has produced the following series of subsystem budgeting documents. The mass
properties and volume spreadsheet ensure that the center of mass of the satellite is within the CubeSat
Specification and that everything will be able to fit into the frame. The power budget details the amount
of power that is used by individual components and subsystems as well as the expected amounts of power
generation due to the onboard solar panels. The power budget also specifies certain operating modes that
the satellite must follow to function properly and maintain enough charge in the battery. The computing
budget catalogues the amount of code that is to be stored on each AVR board, and ensures that each board
will have the computing resources necessary to fulfill its tasks. The link budget ensures that all onboard
radios will have sufficient transmitting power and antennae necessary to allow for radio communications
with ground stations. The thermal budget considers temperature ranges for sensitive components as well
as provides estimates for onboard temperatures for several different scenarios that the satellite may face.
One of the other main challenges that the project has faced is absent or incomplete documentation on
previous projects. The RSL has had a long history of nanosatellite projects, which has been beneficial for
this project. Because of the short time span of this project and the availability of previously designed
subsystems, it was decided at an early stage to use several legacy systems in our satellite. Use of these
previously designed subsystems reduces the amount of time that we need to spend developing new parts
of the satellite. Although many of the previous satellite projects were well documented and have been
very beneficial, several of the components of the electronic power system have proved difficult to find
documentation for. Luckily, the team had access to several physical copies of the circuit boards that were
designed, so circuit boards were reverse engineered as necessary to produce board files and circuit
schematics.
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Decisions made by different subsystem teams often affect design decisions for other subsystems. To make
sure that each team member is aware of the most recent design decisions, the team participated in weekly
meetings to keep everyone up to date. These meetings are always attended by both faculty advisors for the
project to ensure that the design team is on the right track with design ideas and that the solutions
proposed will be able to work for our mission objectives.
2.8.2: Budget
The current total estimated cost of the 3U CubeSat is around $5000. To date, we have received $1000
from the Roelandt’s Grant given for projects related to social entrepreneurship. Our HAM transceiver we
plan to fly on our satellite to provide disaster relief meets the standards for social entrepreneurship. In
addition, we have also received $4000 from the Santa Clara University School of Engineering. Our
projected subsystem expenses are tabulated below in Table 3.
Table 3: Tabulation Expenses by Subsystem
Subsystem

Projected Cost

Structure
Thermal
Attitude Determination and Control
Payload
Communications and Data Handling
Electronic Power System
Misc.
Total

$750
$190
$910
$290
$1540
$1170
$150
$5000

If more funding was received for the CubeSat, a software defined radio would have been desirable to fly
considering the flexibility it has for frequencies that it can transmit and receive. In the future, more
funding would allow for more flight components to be professionally manufactured, and improved for
their exposure to the space environment, such as radiation hardening. With the limited budget we had, we
made many tradeoffs that reduces the robustness and redundancy of many subsystems.
If this satellite was to be sold or mass produced, it would likely be targeted towards HAM radio operators
who would desire to communicate messages to other operators or people in disaster-stricken areas. Even
though the launch is often the most expensive part of a CubeSat, there are opportunities for free launches
with excess cargo capacity on many launch vehicles. However, the project team is more concerned with
the production of a functional prototype than with finding space on an upcoming launch at this time, so
the cost of a space launch is not included in our budget.
2.8.3: Timeline
To complete a functional prototype by the end of the year, an aggressive timeline has been put in place to
keep this a reasonable goal. By the end of the fall quarter, we intended to complete the basic design and
were able to start ordering parts to integrate the subsystems. Throughout winter quarter, we integrated and
tested each individual subsystem while making small design changes. In spring quarter, we began
integrating the subsystems together into a “flat sat” configuration and began performing testing on the
satellite as a whole with all of the subsystems integrated. The team wished to perform a full end-to-end
functional test to verify that our system-level requirements that can be verified on the ground would be
met, but did not have enough time to complete this task.
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After the satellite is integrated and tested in its flight configuration, we intend to find an organization that
is willing to fund a launch or receive a free launch from a launch provider. The timeline from finishing
the satellite and launching is likely close to a year or more. If we need to rely on a free launch it could be
over a year from finishing the satellite to launching the satellite.
2.8.4: Design Process
The design of the SCUCube is a mixture of original ideas from this year and subsystems taken from
previous design teams. The preliminary design for the Electronic Power System (EPS), the shape of the
rails, and the solar panel assembly are being borrowed from previous teams. The internal placement of the
circuit boards, the attitude control system (ACS), the finalized EPS board and functionality, the payload
hardware and software, and condensed versions of legacy software is original work done this year.
This team was broken into three sub-teams prior to any design being done: EPS/ACS, Structure/Thermal,
and Software. Though this was the original plan to prioritize each person’s work load, each member of
the team has contributed to most if not all areas of the satellite.
Though not all parts of the project will be our original design, it is still necessary to understand the
purpose of the previous team’s project and technology used in each. The EPS requires significant
redesign, which involves learning how to lay out a PCB and make the necessary components work with
each other. The solar panel design exists from a previous project, but has not been built or tested.
Furthermore, each of these past projects only created an isolated system. Our goal is to integrate them all
into an overarching system, including our original designs, creating a functional prototype by the end of
the year.
2.8.5: Risks and Mitigations
The risks and mitigations for our project can be broken into risks that affect only our satellite and risks
that affect our satellite and other satellites. One of the biggest risks is that our power system has a startup
failure. This could be due to incorrect timing of the startup, or due to a malfunction of the remove before
flight pin and footswitch inhibits. The timing circuit, footswitch, and remove before flight pin will all be
heavily tested on the ground to ensure that the satellite will turn on when it is expected to. An additional
risk could arise from a latch-up caused by radioactive particles. This phenomenon causes the gate of a
transistor to stay open for longer than it is intended to, which causes a spike in current draw that can
cripple the satellite. To mitigate this risk, the legacy AVR boards that we are using contain latch-up
protection circuitry that cuts subsystem power when this anomaly is detected. Another issue within our
satellite is our battery. It has a tight temperature tolerance of 0 to 40 degrees Celsius, which we will
mitigate by running thorough thermal testing. If it is determined that the battery will not stay within this
range nominally, heating or cooling elements and insulation will be added to the battery to ensure proper
operational conditions We also run the risk of having our boom fail to deploy from the satellite, which
can be avoided with deployment testing and shake testing. We also face the risk of communications
system failure. This could be because the beacon board fails or the S-band fails due to Microhard board
failure, patch antenna, or ground plane failure. This will be mitigated with heavy ground testing for the
entire communication system. The payload radio can fail due to lockup between the circuitry and the
microcontroller board as well as antenna failure. This will also be mitigated with heavy ground testing.
Some issues that could affect other satellites prior to deployment from the launch vehicle are either
premature boom deployment or loss of communications control that results in erratic beaconing. These
will be mitigated with the solutions listed above.
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2.8.6: Team Management
As the team member with the most experience in the satellite industry, Matthew Condino took the lead on
the project, as well as being part of the EPS/ACS team along with Andrew Drape and Cooper McDonnell.
Brayton McKnight, Laura Tschudy, and Isaac McQuillen make up the Structure/Thermal group, with
Evan Eberhardt and Jim Olwell handling the software challenges.
A Google drive was initially set up with folders for each team and subfolders for individual components
within each team, though this was quickly abandoned for the SVN versioning system commonly used for
other projects in the RSL. This system allows for any individual on the team to update and revise
documents, and saves the files to the main directory for access by future teams.
We have been meeting with our advisors Dr. Kitts and Dr. Taylor every week on Monday mornings. This
allows us to update them on the work of the previous week, assess completion of the previous week’s
goals and set up new ones for the week to come, and update the various sub-teams of what has been done
on all other aspects of the project. Additionally, each sub-team meets individually at least once a week,
and often the entire team will congregate in the RSL to work on the project as a group.
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Chapter 3: Structure
3.1: Overall Structural Requirements and Design
3.1.1: Overall Structural Requirements
Requirements for the structure of the SCUCube satellite derive from the standards provided by the
CubeSat Design Specification maintained by California Polytechnic State University (Cal Poly), which
must do with requirements imposed by the launch vehicle, called a P-POD [1].

Figure 7: 3D CAD Model of Cal Poly P-POD Showing Axis Orientations*

As is clearly shown in Figure 7 above, the CubeSat Design Specification defines the axis orientations for
the development of the CubeSat Structure, with the Z-axis defined along the line of deployment. The
negative Z face shall be inserted first into the P-POD. Other key specifications regarding the structural
design of the satellite are shown below in Table 4:
Table 4: Structural Design Requirements from Cal Poly Specifications
Structural System Characteristics
Natural Frequency
Detachable Parts
Material Total Mass Loss
Maximum Mass
Center of Gravity Tolerance (XY)
Center of Gravity Tolerance (Z)

Specification
>100 Hz
None
< 1%
4 kg
2 cm
7 cm
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More detailed requirements for structural subsystems such as the rails and remove before flight pin are
available in the Cal Poly CubeSat Design Specification.
Specific structural design and finish characteristics for the rails are shown in Table 5. The design of these
rails is much more tightly specified than the design of the rest of the structure because the rails serve as
the physical interface between the satellite and the deployer.
Table 5: CubeSat Design Specification mechanical requirements for satellite rails
Structural Rail Characteristics
Minimum Width
Surface Roughness
Edge Radius
End Surface Area Minimum
% Rail in Contact with P-POD
% Rail Recessed

Specification
8.5 mm
1.6μm
> 1 mm
42.25 mm2
> 75
< 25

3.1.2: Overall Outer Structure Design

Figure 8:Complete detailed SolidWorks model of the outer structure of SCUCube

The image shown above in Figure 8 represent the final design and completed fabrication of the SCUCube
outer structure. The outer structure consists of four rails, four side panels, and two end plates, which will
be described in greater detail below.
3.1.2.1: Structural Rails
The four rails are utilized to connect the four side panels of the satellite structure, and to contain the
entirety of the structure within the dimensions specified in the CubeSat Design Specification [1] . These
rails provide the physical interface between the SCUCube satellite and the P-POD deployer. Thus they
have requirements for surface roughness, edge radius and other key dimensions as shown below, in order
to ensure smooth deployment from the P-POD [1]. The rails utilized by the SCUCube team were
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recycled from a previous Santa Clara University senior design project and were shown to be
manufactured to the specifications detailed in Table 4.

Figure 9: SolidWorks model of structural rail designed and manufactured by previous senior design team

Each rail, as shown in Figure 9, is machined out of 6061-T6 aluminum, which is one of the allowable
metals specified in the CubeSat Design Specification. One of the four rails serves the additional function
of housing the pin used to inhibit the satellite startup sequence until the satellite is deployed. When
depressed, this pin stows flush with the end of said rail, allowing the satellite to sit flat against the back of
the deployer. The rails used by the SCUCube team were manufactured by a previous senior design team
and shown to be within the required specifications [5]. Before the rails are actually used in flight, final
polishing may be required to achieve the surface roughness specification. This roughness value was not
measured as a part of the SCUCube project because the goal was simply a functioning prototype for the
time being.
The rails are connected to the side panels using M3x0.5 6 mm brass screws and physically screw into the
PEM CLA-M3-2 threaded inserts, which have been installed in the side panels. This allows for easy
installation and removal of the satellite rails. Brass screws, like the ones described here were used
throughout the SCUCube assembly in order to provide a better conductive path to the satellite’s radiating
surfaces, as was deemed necessary in the thermal analysis.
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3.1.2.2: Structural Side Panels

Figure 10: SolidWorks models of side panels showing how placement and features for interfacing with internal and
external components

The four side panels, which bound the long axis of the satellite, were custom manufactured in house at
Santa Clara to provide pass-through ‘s and mounting holes that allow assembly of all internal and external
components. All panels were machined from 1.6 mm thick 6061-T6 aluminum. Common to each side
panel are mounting holes for the SCUCube rails, and end plates. The rail mounting holes have PEM
threaded inserts installed, while the end plate mounting holes are countersunk to allow M3x0.5 flathead
screws to sit below flush with the outer surface of the side panel. This was specified to prevent
interference with the solar panels to be installed on the outside of each panel. Solar panel mounting holes
differ based on the overall length of the panel assembly. It was necessary to account for two 50 cell solar
panels and two 45 cell solar panels, and thus mounting holes for these panels are common between two of
the side panels, but not all four. These mounting holes also received PEM threaded inserts.
The two side panels which interface with the shorter, 45 cell solar panels feature cutouts for the UHF
antennae and remove before flight key switch to protrude from, as shown in the left two images in Figure
10 above.
One of the side panels designed for the 50 cell solar panel, and one for the 45 cell solar panel, feature a set
of countersunk mounting holes to mount the internal mounting bracket, as well as a set of three AVR
microcontroller boards, as shown in the middle two images of Figure 10. These two structural side panels
are positioned across from each other in the final assembly in order to allow these internal components to
be inserted and screwed in from either side.
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3.1.2.4: Structural End Plates

Top

Bottom

Figure 11: SolidWorks model of structural end plates showing features and holes unique to each. Top end plate
shown on left and bottom shown on right

Two, 6061-T6 aluminum end plates, one for either end, complete the satellite structure. Both end plates
interface on all four sides with the side panels using the same PEM insert and screw combination. Each
end plate also features holes for mounting a thermopile sensor on each end in order to provide satellite
orientation data to the attitude control system. The end plate designated “top” in this section and in Figure
11 above will face towards the Earth when on orbit and has been designed with mounting holes and a pass
through the accommodate the patch antenna specified for the main communications link of the SCUCube
satellite. It also features mounting holes for the installation of a flange-mount SMA connector that
interfaces with the patch antenna and communications AVR board.
The end plate designated “bottom” includes a few more features, which have to do with the 50 cell solar
panels and the gravity gradient boom assembly, as is noticeable in Figure 11 above. The most notable of
these is a recessed pocket in which the end mass of the gravity gradient boom is housed before it is
deployed. This pocket is designed slightly larger than the dimensions of the end mass, a size that was
specified based on satellite attitude simulations. The pocket also features a pass through for the main
length of the boom to extend through during deployment and four, countersunk mounting holes for
securing the 3D-printed boom housing to the end plate. The bottom end plate also features a slot in two
of its sidewalls that allow for leads from the 50 cell solar panel to pass through to the inside of the
satellite and provide power to the electronic power system.
All structural components used in the design of SCUCube were manufactured in house in the Santa Clara
University machine shop. This was made possible both by fixtures recycled from a previous senior design
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project, as well as commitment on the part of the SCUCube team to design for manufacturability in the
Santa Clara University machine shop.
3.2: Evaluation of Structural Design Versus Requirements
3.2.2: Detachable Parts and Total Mass Loss
The structure of the SCUCube, once bolted together is not designed to have detachable parts. Though the
gravity gradient boom is designed to extend, this only occurs after deployment and the entire boom
remains attached to the structure.
The total mass loss criterion is satisfied by the specification of low-outgassing adhesives and epoxies
where they are used. The outer structure itself does not utilize any adhesives or lubricants in the assembly
of the satellite. The entire structural design is aluminum based and thus will not add, in any significant
way, to the total mass loss of the system.
3.2.3: Mass Properties
In order to evaluate the mass properties of the satellite versus the requirement, a center of mass evaluation
spreadsheet was created. This spreadsheet can be found in Appendix F of this thesis. The working
SolidWorks model was utilized in order to extract position data for each individual component,
specifically each individual center of mass. The spreadsheet takes in the total mass of a part and the
location of its individual center of mass and outputs the center of mass of the satellite as a whole. The
total mass of the satellite is also obtained as a byproduct of the calculations performed in the spreadsheet.
The total estimated mass of the satellite is 2.5 kg. The center of gravity was calculated to be located at 7.4
mm from the geometric center in the Z direction, 1.4 mm from the geometric center in the Y direction,
and -0.07 mm from the geometric center in the X direction. All directions refer to the same coordinate
system as appears in Figure 7. It was found that, because the mass of the structure is so much larger than
any of the other components listed, it tends to drive the center of mass of the system. The outer structure
is almost entirely symmetric except for holes and small cutouts, ensuring that the center of mass is very
near the geometric center. In addition, the aluminum internal mounting bracket also makes up a
significant portion of the satellites total mass and was intentionally centered around the geometric center
of the satellite. This is advantageous and allows flexibility in the placement of internal satellite
components. Thus, all three of the requirements that have to do with the mass properties requirement are
satisfied by the design of the SCUCube.
3.2.3: Evaluation of Dynamic Properties via Finite Element Analysis
3.2.3.1: Modeling Approach
In order to evaluate the satellite’s structural design against the 100 Hz or greater requirement, as set forth
by the CubeSat Design Specification for the natural frequency, a modal analysis was performed using the
SolidWorks simulation package. Previous CubeSat projects at Santa Clara University conducted finite
element analysis on similar structures, but adopted a slightly different approach. Previous project teams
assumed that all CubeSat structural components were completely bonded at contact points, thus not
allowing the model to capture any possible separation between surfaces. It is expected that this will result
in a stiffer structure with higher modal frequencies.
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Modal analysis can only be conducted in a linear study, and capturing that separation motion requires a
non-linear model due to the contact condition. Still, the SCUCube team was able to add to the approach of
previous senior design teams for the modal analysis of SCUCube satellite. The bonded case, as described
above, was used as an upper bound on the modal frequencies and a case in which penetration between
surfaces is allowed was used as a lower bound. These two cases represent an overly stiff model, the upper
bound, and a model that underestimates the stiffness of the structure, the lower bound. In the case where
interpenetration is allowed, M3 brass screws are inserted and bonded to the surfaces around them, thus
providing the necessary contact between the different SCUCube structural components. These screws
reflect those specified in the actual design.
It was assumed that the satellite was fixed at all four rail corners, in all six degrees of freedom, as shown
in Figure 12 below. This simulates how the satellite will be fixed in the Z-direction in the P-POD
deployer. It was also assumed that all material is isotropic and homogeneous 6061-T6 aluminum.

Figure 12: Constraints imposed upon SCUCube rails for modal analysis simulation representing free body diagram
concept. No loads or gravity need be applied for the modal frequency analysis. Rail corners are shown constrained
in all directions

The parts input for analysis represent the actual detailed model of the structure and no simplifications
were made as far as the detail in these parts is concerned. The structure is modeled here without internal
electronic components or solar panels. Analysis using electronic components would require more detailed
models of those components than is currently available to the SCUCube team. It has been the approach of
previous senior design teams to analyze only the outer structure and, given that a large margin is found
above the 100 Hz minimum requirement, the SCUCube team felt safe in conducting the analysis this way.
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It was assumed that the addition and mounting of internal components would add more stiffness than
mass, thus increasing the first natural frequency of the structure. The outer structure dominates the total
mass of the satellite and thus it is assumed that modeling the structure alone will provide confidence,
given that the first natural frequency exceeds the requirement by at least a factor of two, that the structure
will meet CubeSat Standard requirements. All of the structural material is specified as 6061-T6
aluminum. Because this is a modal frequency analysis, no loads needed to be applied to the model.
In order to accurately simulate the actual contact conditions between the rails, end plates, and side panels,
a non-linear dynamic analysis was conducted. Though this did not provide any indication of the natural
frequency of the structure, the simulation did provide an indication of the true shape of the modal
vibrations. A 100 Hz forcing function, which was later applied to all P-POD to satellite contact points in
the x, y, and z axes, with amplitude calculated from launch power spectral density (PSD) data and the
Miles equation was generated. The frequency of 100 Hz was chosen because it represents the bound
imposed by the CubeSat Design Specification. The PSD utilized for the calculation is shown below.

Figure 13: NASA general launch loading profile, plotted on a log-log scale, used for development of forcing
function for FEA analysis [11]*

𝑔 =3∗

3.14
∗ 𝑃𝑆𝐷 ∗ 𝐹 ∗ 𝑄
2

Equation 1: Miles Equation [12]

In the Equation (1), F=100 Hz is the resonant frequency and PSD is the respective value from Figure 13
above in G2/Hz. Q is generally the square root of the natural frequency, which was chosen to be the upper
estimate that was found in the modal frequency analysis. This was done in order to overestimate the
amplitude of the forcing function. The amplitude of acceleration for the forcing function used in this
analysis was taken to be the output of the Equation (1) and was calculated to be 37.5 g’s using the inputs
mentioned above. This 100 Hz forcing function with a 37.5 g amplitude of acceleration is not a good
representation of the peak stresses or displacements that the satellite will actually experience during
launch. It was simply an input generated in order to run the nonlinear dynamic analysis so that a more
accurate contact condition between the SCUCube structural components could be specified. This was
done in order to provide the team with a more realistic depiction of a vibratory mode of the satellite.
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In addition, a mesh refinement study was conducted in order to ensure convergent results as far as mesh
density is concerned. At the point where subsequent results for the first natural frequency differed by less
than 5% the mesh shown below was selected as the final mesh for the analysis. SolidWorks curvaturebased meshing automatically adds mesh refinements around detailed features such as holes and
countersinks, which is evident in the Figure 14.
3.2.3.2 Model Expectations
The SCUCube side panels are thinner that the rails and more elongated than the endplates and thus the
largest amplitudes, and possibly failure points, are expected to occur on the panels. When the bolts are
included in the model, this results in the possibility of stress concentrations at those locations. However,
based on the geometry of the part, it is expected that the largest amplitudes will be seen along the side
panels.
Overall it is expected that the structure’s first natural frequency will greatly exceed the 100 Hz
requirement.

Figure 14: Final, refined mesh for modal frequency analysis. Mesh refinement shown around screw holes and other
detailed features
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Figure 15: Mesh metrics for SolidWorks curvature-based mesh

3.2.3.3: Hand Calculation Estimation
In order to perform hand-calculations, as a means of estimation of the structure’s first natural frequency,
the structure will be simplified to be a hollow rectangular cross-section beam with moment of inertia
calculated as shown below, where a is the outer dimension (0.1 m) and b is the inner dimension (0.0968
m). These values differ by twice the satellite wall thickness:
𝐼=

𝑎0 − 𝑏0
12

Equation 2: Hollow beam moment of inertia

Figure 16: Schematic of assumed beam fixture setup*
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This assumes that the structure is open on both ends and thus it is expected that this model will underpredict the natural frequency of the structure. The satellite is modeled as a hollow beam with a rectangular
cross-section fixed at both ends as seen in Figure 16. Equation (3) for the first natural frequency comes
from Vibrationdata.com, a site maintained by Tom Irvine, an industry representative for the NASA
Engineering and Safety Center [11]. E is the Young’s Modulus (69E9 Pa), 𝜌 is the density (2700 kg/m3)
and L is the length of the satellite (0.34 m). The Young’s Modulus and density values reflect those listed
for 6061-T6 aluminum in the SolidWorks material database in order to maintain relation to the material
properties used in finite element modeling. The length of the satellite is the standard length of a 3U sized
CubeSat.
𝑤=

1 22.373 𝐸𝐼
[
]
2𝜋
𝐿9
𝜌

Equation 3: First natural frequency

The first natural frequency is estimated to be 157 Hz. As expected this underestimates the natural
frequency; most likely because of the reduction in stiffness that results from assuming it is a simple beam
with no end plates and disregarding the rails on each corner.
3.2.3.4: Problems
The main issue encountered during the modeling process was the inability to simulate a completely
accurate contact condition between all of the structural components, as was mentioned in earlier sections.
This was remedied by taking the approach of developing upper and lower bounds on the modal
frequencies of the structure, while also conducting a nonlinear study with more accurate contact
conditions in order to develop a more clearer depiction of how the satellite will vibrate during launch.
3.2.3.5: Results and Interpretation
Shown below is in Table 7 is the first six modal frequencies of the structure for both cases, thus defining
the upper and lower bounds on the natural frequencies. The first natural frequency is of interest and is
shown to be greater than the 100 Hz requirement by at least a factor of 5.4.
Table 6: Modal frequencies for the first six modes for each case
Mode

Frequency (Hz): Bonded

Frequency (Hz): Not Bonded

1

616

542

2

962

564

3

973

576

4

986

620

5

1217

629

6

1225

636

Note that for the case in which surfaces are allowed to interpenetrate, the frequencies fall in a much
tighter range. This is because of the inherent level of isolation between components that comes along with
not specifying that all surfaces be perfectly bonded. The individual plates are no longer perfectly coupled
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and thus may vibrate individually in certain modes. For reference, this interpenetrating behavior can be
observed in Figure 18.
As expected, the first natural frequency is found to be sufficiently higher that the 100 Hz requirement,
which gives the SCUCube team confidence that the structure will meet P-POD deployer requirements.
The hand calculation shown earlier underestimated the first natural frequency by a factor of
approximately 3.5. This was expected based upon the simplicity of that model and the assumptions made,
which contributed to the underestimation of the stiffness of the model.
Modal vibrations are shown in Figure 17 for each case. Note that amplitudes are exaggerated to make the
modes easily visible and that the scales of these amplitudes in no way reflect real response amplitudes.
Only the responses for the first mode are shown because this is the mode of interest. Note in the second
image, for the case that allows interpenetration, that the exaggerated amplitudes show interpenetration
between surfaces. This behavior is not physical but is useful in defining a lower bound on the natural
frequency of the overall structure.
Overall, the structure vibrates as expected, with the largest amplitudes being noted at the centers for the
side panels.

Figure 17: First mode response for bonded contact condition case
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.

Figure 18: First mode response for structure with brass screws in place and surface contacts not bonded

The mode shape found by conducting the nonlinear dynamic analysis described above shows a more
realistic mode shape. Each side panel is shown to have three zones where oscillatory amplitudes are the
highest. These regions lie between the points where the rails are bolted to the side panes. Still, with a
representative input of the 100 Hz acceleration forcing function applied at all places where the satellite
contacts the deployer, oscillatory amplitudes are shown to be small, as is shown in the scale on the left
showing displacement.

Figure 19: Modal vibration, showing resultant displacement, of SCUCube structure as a result of improved fidelity
of contact conditions
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3.2.3: Evaluation of Dynamic Properties via Vibration and Shock Testing
Results obtained via finite element analysis were verified through vibration testing conducted with the
help of Moog CSA and Planet Labs, who generally lent their resources and time to the SCUCube project
with the goal of furthering CubeSat development both in academia and in industry. Moog CSA allowed
the SCUCube team to utilize both a multi-axis shaker table and a shock test system to evaluate the
dynamic properties of both the satellite structure alone and the satellite in simulated payload conditions.
Planet Labs provided a TestPOD, which simulates the constraints of the P-POD deployer, allowing results
to be both comparable to finite element simulations, as well as actual in-launch dynamics of the satellite.
Four tests total were performed at Moog CSA’s facilities. These were: a sine sweep test on just the outer
structure, a sine sweep test on the satellite in simulated payload configuration, a random vibration test in
payload configuration, and a shock test in payload configuration. The first sine sweep on the outer
structure alone was conducted simply for the sake of validating the finite element modeling conducted.
Simulated payload conditions describes the satellite with all internal components besides electronics
components mounted inside. In place of these components, dummy masses sized and machined out of
aluminum to estimate the mass of each of these components. Four AVR board dummy masses and a
microhard radio dummy mass were machined in total. Though these pieces will not accurately simulate
the dynamics of the boards themselves, mounting them in the satellite allows the approximation of the
overall dynamics of the satellite in payload configuration. Figure 20 shows the satellite in simulated
payload configuration. The solar panels were not mounted during vibration testing.

Figure 20: SCUCube satellite in simulated payload configuration. Solar panels were not mounted for vibration
testing.

It was decided, in consultation with Planet Labs employees, that accelerometers would be placed in the
middle of the satellite side panels because finite element analysis showed these places to be the most
vulnerable to oscillation. This most easily allows responses to input vibrations to be monitored and
analyzed. Figrue 21 acts as a visual representation of the fit check of the SCUCube satellite, thus
confirming the accuracy of the satellite’s dimension in relation to those specified in the CubeSat Standard.
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Figure 21: SCUCube satellite in simulated payload configuration shown mounted in Planet Labs TestPOD. This
served as a fit check for the structural design as well.

In addition, one accelerometer was placed on the TestPOD itself and one was placed on the
electrodybamic shaker table utilized for testing. This allowed the input, TestPOD, and satellite vibrations
to be compared and gave a sense of the testing levels used throughout the experimentation. In addition,
the accelerometer reading the input from the table was used to develop a feedback loop allowing for the
continuous adjustment of the input in order to match specified levels for all tests.

Figure 22: Satellite accelerometer placement, circled in blue, showing designated positive axes (left) and table and
TestPOD accelerometer placement (right).

The equipment used for the random vibration test was an electrodynamic shaker table which rides on a
thin film of oil to reduce friction, as well as a control signal, amplifier, and data acquisition system. A
control signal was passed through the amplifier, which provides the necessary power levels to drive the
shaker table, and the feedback from the table accelerometer, collected by the data acquisition system, was
used to alter the control signal to adhere to the test levels and specifications.
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Figure 23: Moog CSA electrodynamic shaker table used for random vibration, sine burst, and sine sweep testing.

Shock testing was conducted using Moog CSA’s custom built shock test system. The satellite and
TestPOD were mounted to a sliding carriage, which was connected to an air brake system that helped
bring the entire assembly to rest after the shock event occurred. A piece of sacrificial material was taped
to the front of the carriage and was replaced after each firing to ensure that the carriage itself was not
damaged by the shock projectile. The system utilizes compressed air to fire a large metal slug at the
carriage, thus inducing the required shock. Pressurization levels were adjusted in order to match the input
specification that was set for the testing. This specification was the same that Planet Labs uses in their
cubesat qualification testing. The shock event itself is over in a matter of milliseconds and thus a very
high sampling rate was required in order to accurately capture response data. Moog CSA’s shock system
utilizes a 5 MHz sampling rate in order to achieve the required resolution. Accelerometer placement for
the shock testing was the same as in the testing performed using the electrodynamic shaker. The shock
test system, with satellite and TestPOD mounted is shown below.

Figure 24: Experimental setup for shock testing using Moog CSA’s custom shock test system.
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At some point during testing, the epoxy used to assemble the different sections of the aluminum internal
mounting bracket failed and some of the pieces became dislodged from each other. The satellite was not
disassembled until after all testing was completed and thus it is not known at exactly which point in
testing the epoxy failed. It is expected that this may have occurred during either sine burst or shock
testing because these represented the most extreme accelerations and displacements during all testing. The
results of vibration testing are still expected to be useful in the characterization of the satellite’s response
because the internal mounting bracket remained wedged between the satellite side panels and was not
interfering with other satellite subsystems. This failure provided valuable data as far as structural adhesive
is concerned and led the team to select a less brittle, higher end adhesive that is more suitable for the
contacts that need to be made in order to hold the bracket together. The original epoxy, Conductivex
Thermo Bond 53, was purchased knowing that it was indeed a budget option and this round of vibration
testing helped confirm the necessity for a more rigorously selected adhesive. The original epoxy was also
selected for its thermal and outgassing properties, which were space rated and suitable for the application.
While the Conductivex epoxy does claim high tensile and compressive strength epoxies, the main loading
in the launch environment comes from random vibration and shock events [12]. Thus a strong, but brittle
epoxy is not well-suited. In it’s the place the team has specified MasterBond EP37-3FLFAO, a highly
flexible two component epoxy designed to withstand thermal shock, vibration, and mechanical shock
events. This epoxy retains the NASA low outgassing certification and thermally conductive aspects of the
Conductivex epoxy, while exhibiting mechanical properties more suitable to surviving the launch
environment [11].

Figure 25: Epoxy failure in internal mounting bracket joints. No damage to the internal mounting bracket itself was
observed.

3.2.3.1: Sine Sweep Test
The sine sweep test was conducted from a range of 0-2000 Hz and response amplitudes to input
sinusoidal vibrations were monitored via accelerometer readings. TableTesting was conducted in all three
axis orientations, thus characterizing the first natural frequency of the satellite in response to vibrations in
each axis. Sine sweep testing in each axis was conducted once before the random vibration and sine burst
testing, and once after. This was done because payload components sometimes settle during those two
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tests and shifts in the natural frequencies can occur. In order to meet requirements, the first natural
frequency must be greater than 100 Hz in all cases. It was found that the least stiff axis of the satellite was
the Z-axis which displayed a first natural frequency of 306.3 Hz. Thus the SCUCube satellite was found
to far exceed requirements for the first natural frequency. Shown in Figures 26-28 are plots of the
satellite’s response to sine sweep testing both before and after settling. The Z-axis orientation displayed
the most noTable shift in natural frequencies after settling. The amplitude of response in the first natural
frequency decreased greatly after settling, almost to the point that it would not be considered a mode. For
the sake of evaluation of the worst-case first natural frequency for the satellite the response from the presettling Z-axis sine sweep was used. If in fact this was an anomaly in testing because satellite components
had not settled, and possibly because of the epoxy failure, the first natural frequency would be
significantly higher, as Figure 26 shows, placing it near the frequencies found in the other testing
orientations. For each plot the data plotted is the satellite accelerometer channel designated for the current
axis of testing orientation. The sine sweep test response was recorded as acceleration in g’s versus
frequency in Hz.

Figure 26: Z-axis sine sweep satellite response showing pre and post-settling responses.

The next stiffest axis of the satellite was the X-axis. In Figure 27 X-axis response displayed hardly any
frequency shift due to settling and the amplitude of the response in each mode did not change drastically
like it did during Z-axis sine sweep testing. The satellite displayed a first natural frequency of 409.4 Hz in
the X-axis.
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Figure 27: X-axis sine sweep satellite response showing pre and post-settling responses.

The stiffest axis tested was the Y-axis and, as shown in Figure 28, it displayed a first natural frequency
that approached the range estimated in finite element modelling. The fact that the Y-axis orientation has a
higher first natural frequency than the X-axis orientation is most likely due to the orientation of internal
components. The AVR microcontroller board dummies were mounted using standoffs and spacers. The
Y-axis orientation aligns the long axis of these spacers with the direction of oscillation, whereas the Xaxis aligns the short axis with the direction of oscillation. In addition, the Y-axis orientation aligns the
solid sides of the internal mounting bracket with the direction of oscillation, whereas the X-axis
orientation aligns the open sides of the internal mounting bracket with the direction of oscillation. Both of
these facts allude to a higher inherent stiffness in the Y-axis than the X-axis orientation. Thus, even
though the satellite’s outer dimensions are the same in these two orientations, it makes sense that the Yaxis orientation would exhibit a higher first natural frequency. Though the configuration of the satellite in
analysis and testing was vastly different, this high frequency attests to the feasibility of the numbers
suggested for the first natural frequency of the outer structure alone and supports further testing to
validate the finite element model. The Y-axis responses indicate some amplitude changes due to settling,
but not drastic frequency shifts. The satellite displayed a first natural frequency of 498 Hz in the Y-axis.
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Table 7: First natural frequency in each excitation orientation
Axis

Frequency (Hz)

X

409.4

Y

498

Z

306.3

Figure 28: Y-axis sine sweep satellite response showing pre and post-settling responses.

3.2.3.2: Random Vibration Test
A standard testing profile used by Planet Labs in their own testing was utilized as input for the random
vibration test. The TestPOD was mounted the same way as in the sine sweep test and the vibration profile
was fed into the shaker Table. Accelerometer readings were monitored during the test and the satellite
was inspected for damage, and/or displacement of internal components, after the testing concluded. No
damage to the external structure or loosening of any structural screws was noted during testing. It was
only after all testing was completed and the satellite was disassembled that the team noticed the epoxy
failure in the internal mounting bracket. Shown in Figure 29 is the response from the Z-axis random
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vibration testing. The maximum power spectral density of acceleration found during Z-axis testing was
3.289 g2/Hz at a frequency of 1095 Hz. This and all other responses during random vibration testing were
recorded as acceleration spectral density in g2/Hz versus frequency in Hz. Each response is plotted with
the input profile as measures by the accelerometer attached to the shaker table.
The X-axis random vibration response displayed a slightly lower peak value of 1.067 g2/Hz, but at a
higher frequency of 2213 Hz. Finally, in the Y-axis orientation the peak response was seen at 2.387 g2/Hz
and a frequency of 1100 Hz.

Figure 29: Z-axis random vibration test response plotted with input profile.
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Figure 30: X-axis random vibration test response plotted with input profile.
Table 8: Peak acceleration spectral density and related frequency in each excitation orientation
Axis

ASD (g2/Hz)

Frequency (Hz)

X

1.067

2213

Y

2.387

1100

Z

3.289

1095
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Figure 31: Y-axis random vibration test response plotted with input profile.

3.2.3.3: Sine Burst Test
Sine burst testing was performed in order to simulate low frequency transient events experienced during
launch. This test input the largest oscillations and accelerations to the satellite, generating limit loads for
the satellite structure and subsystems. The response is shown to have sharp peaks in all cases, most likely
due to the boom end mass striking the body of the satellite as it oscillates relatively freely. Again, because
largest displacements of the end mass are seen in the Z-axis orientation, the largest amplitudes of
acceleration seen by the satellite body occurred during the Z-axis sine burst testing. Plotted with the input
signal as acceleration in g’s versus time in seconds, the Z-axis response shows a maximum amplitude of
acceleration of 165.6 g’s. Though this may seem high, the strikes of the end mass are nearly
instantaneous, meaning peak acceleration values occur only for a very small amount of time. Thus the
structure was able to maintain its integrity, including all internal components except the poorly specified
original epoxy.
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Figure 32: Z-axis sine burst test response plotted with input profile.

Once the satellite was rotated to the X-axis orientation, the end mass became more constrained by the
pocket it sits in, and was restricted to smaller displacement, side-to-side motion. Thus a significant
reduction in the maximum amplitude of acceleration was observed. The maximum amplitude of
acceleration seen in the X-axis sine burst testing was 82.81 g’s.
Further reduction in the maximum amplitude of acceleration was witnessed in the Y-axis sine burst
testing, most likely due to the inherent stiffness discussed earlier in the sine sweep testing section. The
maximum amplitude of acceleration recorded in the Y-axis testing was 68.13 g’s.
Table 9: Peak acceleration for each excitation orientation
Mode

Acceleration (g)

X

82.81

Y

68.13

Z

165.6
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Figure 33: X-axis sine burst test response plotted with input profile.

Figure 34: Y-axis sine burst test response plotted with input profile.
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3.2.3.4: Shock Test
Shock testing was conducted using Moog CSA’s shock test system and shock response spectra were
developed for each of the three testing orientations. The spectra represent maximax points, maximum
response at a given frequency, for a range of frequencies. Figure 35 below shows responses in the X, Y,
and Z-axis orientations, however only the test fixture response for the Z-axis was recorded. This gives a
general idea of the shape and magnitude of the input shock, but is otherwise unrelated to the X-axis and
Y-axis responses. Comparing the Z-axis satellite and test fixture responses shows that the satellite follows
the input response quite well and does not experience any significantly high g loads. X and Y-axis testing
responses also followed their respective input signals well. The slight bump in all the spectra right below
the 100 Hz mark on the plot was noted as a common mode seen in shock testing performed using the
Planet Labs test pod. Also, the high frequency mode in the test fixture for the Z-axis orientation was a
result of that particular accelerometer being cantilevered off the back of the shock test system carriage
when in the Z-axis orientation.

Figure 35: Satellite shock response spectra for each axis generated using Moog CSA’s shock test system.

The shock response spectrum was then used to generate a table of maximum responses, at each respective
first natural frequency, to the shock input to the satellite. Table 9 below also includes the maximum
response amplitude in each spectrum. These two values are extracted assuming the satellite to be a single
degree of freedom system and are useful in describing the response in the first mode to a launch shock
input, as well as identifying at which frequency the greatest response is produced. In order to estimate a
maximum total response for what is a multi degree of freedom system in reality, the square root of sum of
squares method (SRSS) was used to perform modal combination based on the first six natural
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frequencies, which was the minimum number captured in any of the sine sweep tests. Post settling data
for the sine sweep tests was used when determining these frequencies. This estimates a maximum total
response to the shock input in each orientation by taking the square root of the sum of the squares of the
response accelerations of the first six modes as read from the shock response spectra. This model neglects
modal interaction, which was determined to be accurate enough for this case because the modal
frequencies in each case are relatively well separated. Again, the Z-Axis displays significantly higher
response values than the other two axes. It is expected that this, like in the sine burst testing, can be
attributed to the relatively free motion of the boom end mass in comparison to the other two testing
orientations.
Table 10: Response magnitudes extracted from shock response spectrum data
Mode

First Natural Frequency
Response (g)

Max Response (g)

Frequency of Max
Response (Hz)

SRSS Response (g)

X

63.0

827.9

8900

537.9

Y

91.7

882.8

7500

501.6

Z

416.2

1262.3

7500

2083.8

3.2.3.5: Testing Conclusions
Extensive vibration testing performed on the SCUCube satellite in simulated payload configuration has
given the team confidence in the overall design of the satellite from a dynamics and launch-survivability
perspective. Failure in the previously selected epoxy pointed out the necessity of selecting a bonding
agent that is specified to perform well in shock and vibration environments. Besides this failure, the
satellite performed well and exceeded the specifications in all excitation orientations for the first natural
frequency. Sine burst, random vibration, and shock testing all showed reasonable response levels for the
satellite and have given the team confidence that the satellite will survive launch, given that a new epoxy
is implemented and that all screws and mechanical connections are made using Loctite or some other
form of preventing backout, and that screws are tightened to the suggested specification for their size and
length using a torque wrench. Vibration and shock input in the Z-axis of the satellite generated the most
significant responses in each of the tests performed, but because the structure itself, and all internal
components besides the internal mounting bracket, held up well throughout all tests, the team believes the
design to be valid as far as launch worthiness is concerned.
Survivability of the electronic components within the SCUCube satellite is of major importance to the
success of the project. Solder joint failure can occur due to flexure in the PCB board itself. For this
reason, many of the electronic components are mounted to and tightened against a flat aluminum surface.
All electronic components are mounted with screws in all four corners of the board. The three AVR
boards mounted using standoffs and spacers are the most vulnerable to flexure as they are not mounted
against a flat surface but rather suspended within the satellite. It is difficult to predict flexure at these
components without testing the actual boards in tests similar to those reviewed in this thesis.
Accelerometer placement in that area is also difficult due to the geometry of the satellite and TestPOD.
Thus, it is recommended that a final flight configuration with all boards installed be run through the same
tests described here in order to verify survivability. Though high g loads have been observed in sine burst
and shock testing, the most severe amplitudes of acceleration seem to be due to the boom end mass
striking the satellite. As is observed in Figures 32-24, these amplitudes occur over very short time
intervals, on the order of milliseconds. For this reason, the high g loads observed were deemed to not be
as critical in assessing as possible component flexure. Testing using actual boards is required to
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completely verify survivability, but the testing performed here provides a good indication of the flight
worthiness of the system from an overall dynamics standpoint. Moog CSA technicians attested to the fact
that, in sine sweep, random vibration, and shock testing, the SCUCube satellite performed similarly to
other Cubesats they had tested. The only notable anomaly was the sine burst testing, which was attributed
to the relatively free movement of the steel boom end mass.
3.3: Thermal Analysis
For our CubeSat we performed a thermal analysis to determine if our design met the specifications and
requirements. For the analysis, it was required that the circuit boards did not exceed 70°C, and the battery
temperature should be in the range of 0-40°C while charging and -20-60°C while discharging.
Keeping the satellite components within their operating temperature ranges is critical to keeping all parts
of the satellite working over its lifetime. While our satellite is in space, the only way heat can be
transferred within the satellite is conduction and radiation and the only way to move heat away from our
satellite is through radiation. The four major sources of heat in the analysis are solar heating, internal
dissipation, earth albedo, and earth IR. With our satellite in a low earth orbit (~400km), the albedo and
earth IR sources need to be considered. In a higher orbit, these two would be negligible and not necessary
for the analysis. A transient analysis is required for a mission in low earth orbit due to the fact that
depending on the orbital position, the spacecraft can be in eclipse for a significant period of the orbit. The
orbital period with an altitude of 400km is about 1.5 hours, so the satellite can experience sudden changes
to the heat loads applied when moving in and out of the sun’s view. At an orbit similar to that of the
International Space Station, the satellite will only be in eclipse for approximately 30 minutes per orbit.
Thermal Desktop was used to perform the thermal analysis. It was chosen to be used for this analysis as it
is tailored to space system applications with several functions such as orbital radiation analysis that other
programs do not have.
While on orbit, our satellite will primarily be running with 3 different operating modes. These three
operating modes identified are standby, data downlink, and payload downlink. Standby mode is when all
communication radios besides the beacon are off, data downlink is when the S-Band radio is transmitting,
and payload downlink is when the HAM radio is transmitting. Each case has different components which
are switched on or off. The electrical power that is consumed by each component is either dissipated as
heat or the power is used as an RF signal. While there are a few other operating cases such as prestabilization, and when the nichrome wire is being burned, these cases will not be operating for very long
compared to the time the satellite will be operating in the three major operating cases. The cases and their
component dissipations are listed in the table below.
The material properties that are currently in our design for the satellite are listed below. Table 12 shows
the thermophysical properties such as thermal conductivity, density, and specific heat capacity while
Table 13 shows the optical properties that were used which control the radiation.
The battery is the component with the tightest temperature operating range and since the satellite structure
is made from aluminum and the size is very small, the range in temperature of components was not
expected to be large. We expected that if the battery was out of the temperature range, we could
implement a passive thermal design change that would keep the battery within the specified range. Some
possible ways this could have been done were we could insulate the battery more, change the coating, or
provide a more direct conduction path to the rest of the structure.
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Table 11: Component thermal dissipation
Component

Standby
Dissipation (W)

Data Downlink
Dissipation (W)

Payload Downlink
Dissipation (W)

ACS AVR Board

0

0.24

0.24

CDH AVR Board

0.24

0.24

0.24

Payload AVR
Board

0

0.24

0.24

Com AVR Board

0.24

0.24

0.24

S-Band Radio

0

5

0

Beacon Board

0.37

0.37

0.37

Payload Board

0

0

0.8

Table 12: Thermophysical properties of materials used in model
Material

Conductivity (W/cm/C)

Density (kg/cm^3)

Cp (J/kg/C)

ABS

0.0017

0.000105

1423

Aluminum

1.55

0.0027

964

Battery

1.65

0.002

1000

PCB

0.174

0.002

800

Table 13: Optical properties of materials used in model
Material

Absorptivity

IR Emissivity

Aluminum

0.18

0.05

Black Paint

0.95

0.86

Circuit Board FR-4

0.9

0.9

Solar Cells

0.68

0.8

The battery is the component with the tightest temperature operating range and since the satellite structure
is made from aluminum and the size is very small, the range in temperature of components was not
expected to be large. We expected that if the battery was out of the temperature range, we could
implement a passive thermal design change that would keep the battery within the specified range. Some
possible ways this could have been done were we could insulate the battery more, change the coating, or
provide a more direct conduction path to the rest of the structure.
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We expected that the circuit board temperatures would not run any risk of exceeding their requirements
while the battery may jump out of the range, but could fixed with a minor design change that doesn’t
affect the rest of the design.
With the thermal analysis, one of the main problems was determining how to model the circuit boards.
The geometry of the circuit board is not a simple shape and the dissipation from the components is not
uniform over the entire face. To keep the model simple but still keep the accuracy high, the circuit boards
were modeled as solid blocks where the mass of the solid block is equal to the mass of the circuit board to
keep the total thermal mass of the circuit board the same between the model and in reality which is
critical for a transient analysis.
The analysis for each case was performed for 24 hours. Each orbit is approximately 90 minutes at
~400km orbital altitude so the simulation goes through approximately 16 orbits allowing the variation in
the orbital position as the satellite sees different parts of the Earth and sun to be accounted for. The
analysis was run for the 3 operating cases and the temperatures of the critical components are listed in the
table below.
Table 14: Temperature ranges for internal satellite components
Component

Standby Temp (°C)

Data Downlink (°C)

Payload Downlink (°C)

Min

Max

Min

Max

Min

Max

Circuit Boards

-21

41

-16

48

-17

46

Battery

1

22

11

32

9

30

The results seen above in Table 15 show that all the boards were well under the maximum temperature
requirement of 70°C where the circuit board material starts to change from being fully solid and rigid.
The battery is very tight against the operating temperature range seeing a minimum of 1°C for the standby
case and a maximum of 40°C during the data downlink phase. This is not a large cause for concern at this
time since the orbit assumed for this analysis is not the final orbit and the analysis can be re-run if the
orbit changes. Ideally, the battery temperature range would have been kept between 5°C and 35°C to
allow for a 5°C prediction error from the model not fully being accurate with the flight case.
Figure 36 on the next page shows the thermal model in Thermal Desktop. The battery is called out and the
circuit boards are contained in the upper two-thirds of the model in this view. The accuracy of the results
will be verified with a thermal vacuum test when the entire satellite is assembled and components can
provide their specified disspations to simulate the operating cases. In the case we get a launch slot, we
will likely need to perform a thermal vacuum test as part of the many tests necessary to prove the satellite
won’t fail prematurely in orbit.
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Battery

Figure 36: Thermal Desktop Model of Satellite

3.4: Additive Manufacturing Tradeoff Analysis
Additive manufacturing of aerospace structures is quickly becoming a point of heavy research and
investigation into the feasibility of such manufacturing techniques. Processes include fused deposition
modeling (FDM), Polyjet printing, selective laser sintering (SLS), and direct metal laser sintering
(DMLS). Each of these processes has the capability to drastically reduce the manufacturing lead time for
cubesat structural components while also allowing for the integration of complex mounting geometries
into the structure itself, which would not be possible with conventional machining. It is for these reasons
that additive manufacturing was marked as a desirable manufacturing process for this project. In the
preliminary design stages of the SCUCube project, the team considered the benefits and risks associated
with using additive manufacturing to create the satellite structural components.
Ideally, the structure would be manufactured using DMLS of an aluminum alloy because this material
most closely matches the material commonly used for cubesat structures, Al-6061. Sonoma State’s 1U
cubesat structure is being manufactured using this exact process. However, this style of manufacturing is
too expensive for the scope and budget of this project. Additional funding or sponsorship is necessary for
this to be feasible option.
Though additive manufacturing does not have the proper flight heritage for the SCUCube team to be
confident in its feasibility, there have been cubesats manufactured using these techniques that have been
subjected to qualification testing. The University of New South Wales’ ECO satellite features a 3D
printed structure and is schedule to launch as a part of the QB50 program near the end of 2016 [7]. The
launch date is not finalized, but is targeted for the end of 2016. This represents a cubesat printed in Nylon
and electroplated with nickel, which will soon have its first operational test in space. Materials like this
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one are within the budget of this project and thus the success, or failure, of the QB50 launch is of key
interest. Though the launcher for the QB50 launch is not a Cal Poly P-POD, a thesis produced by students
and faculty at Cal Poly examines the feasibility of 3D printing cubesat structures in thermoplastic
materials, and specifically addresses issues with integration into the P-POD. The thesis concludes that this
manufacturing technique and these materials are feasible after performing finite element analyses of
structures composed of multiple different materials.
Additive manufacturing of a cubesat structure has been shown to pass flight qualification testing and
finite element analyses, but has not actually been launched and space tested. This leaves uncertainty in the
validity of the manufacturing process with regards to the success of cubesat missions. Though additive
manufacturing provides multiple benefits with regards to the design and production process, the
uncertainty was deemed too large a risk to commit this project to it entirely. Thus the structure for this
project was designed and fabricated out of standard Al-6061 with machinability in mind, as described in
the previous sections.
3.4: Internal Circuit Board Mounting Bracket
Physical integration of many of the circuit boards inside the structure involves the use of a large bracket
with carefully placed mounting holes. This bracket, shown in the figure below, holds the following colorcoded components:
• Stensat Beacon Radio (Green)
• AVR-Sat board with ATMEL 128 microcontroller (Blue, center)
• Microhard MHX-2420 radio (Blue, top)
• EPS Board (Yellow, bottom)
• Battery (Yellow, right)

Figure 37: SolidWorks model depicting internal circuit board mounting bracket
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The gray structure surrounding these components is the bracket itself, which will be fabricated from 3/16”
thick aluminum plate stock. The two end pieces are designed with slots to accept the three middle
sections, which will be glued into place with thermally conductive epoxy adhesive. Each of the circuit
boards will be attached to the bracket with M3 machine screws and nuts, with the exception of the beacon
radios on the side panel. There was not room inside the bracket for backing nuts here, so the screws for
these boards will thread directly into the bracket. Similarly, the bracket itself will be mounted to the outer
structure with M3 brass screws that thread into the bracket material.
This component was designed with modularity in mind. All of the required circuit boards and battery can
be installed into this bracket before they are placed inside the satellite structure, and then the entire cluster
can be installed at once. This removes the hassle of working with hard-to-reach fasteners for each
individual board when they are installed, especially when the walls of the structure would likely create an
obstacle if something needed to be changed. This will ease the process of troubleshooting components if
any need to be removed during the testing process, and eliminate the need to completely disassemble the
structure each time. Instead, this bracket can be removed with just one of the outer walls taken off.
The original plan for this bracket was to utilize 3D printing, greatly reducing manufacturing time and
cost. Unfortunately, after a preliminary thermal analysis, it was very clear that the ABS plastic would be
far too insulative, and retain too much heat for the battery and other components to handle. Consequently,
aluminum was chosen for its relatively high thermal conductance and low density. This allows the heat to
conduct out to the outer structure and radiate to space much easier, and keeps each component inside its
safe operating temperature range.
The most sensitive component within this bracket is the battery, which has a temperature range of 0C40C. Current thermal testing indicates that this requirement will be met during all operating modes and
orbit scenarios, but real-world thermal testing will be required to verify this. If this is not the case, there
are several quite simple passive thermal control techniques that can be utilized, such as insulating the
battery from the aluminum bracket with Kaplan tape if it is too cold, or creating more contact with the
bracket if it gets too hot.
3.4: Machining Process
The machining for the structure was performed in the machine lab at Santa Clara University. The shop
manager, Don Maccubbin, was a great advisor to us throughout the process. We brought in our
engineering drawings of the structure and internal mounting bracket and he was able to guide us though a
process to machine our material down. We were also added by previous a Santa Clara senior design
teams fixtures. Please see their thesis for further information on how these fixtures were created [5]. We
used the mill and band saw for all machining processes. For these machines a training class was required
to ensure all machinery was handled properly. Throughout the process, programming on mill’s computer
system was used to tell the mill where to cut. This helped when cutting out holes or milling out pockets.
The four side panels were machined first. The panels were all cut to a rough size using the band saw.
Then the panels were clamped together and sized correctly with the mill. Since each side panel was
different, we created individual programs for each panel laying out the holes and pockets. Then each
piece was placed into the fixture and any features were cut out. All through holes were cut out using a
center drill, drill bit, and reamer. The countersunk holes were cut using a center drill, drill bit, and
countersink. The counter sink depth was customized for the screws that were used. One hole was cut to
the proper depth, and then all other holes were cut to the same depth by placing the stop on the drill
spindle. The larger cutouts were milled out by using an end mill.
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The two endplates were machined by cutting the material to a rough size with the band saw. Then the
mill was used to cut the plates to a rectangular prism the size of the outer dimensions of the endplates.
Then all external features were cut into the plate using programs on the mill. A hole was drilled and
tapped to allow the plate to fit in the fixture properly. The plate was then installed in the fixture and
channels were cut out on the outer edge of the plate. Next the plate was put into a fixture developed by
Professor Maccubbin and the rest of the main pocket was machined out.
The last piece that was machined was the internal mounting bracket. Similarly to the side panels, the
pieces were cut to the rough size using the band saw and then clamped together and machined to the right
size. All of the features were then cut into the panels using programming on the mill. While all other
parts of the structure were connected with fasteners, the internal mounting structure was glued together
using space grade adhesive.
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Chapter 4: Attitude Control System
4.1: Overview
The attitude control subsystem is responsible for sensing the orientation of the satellite with respect to a
set of fixed axes and controlling components to align the satellite in a desired orientation. Our satellite
involves the use of thermopile sensors for the onboard control system and an inertial measurement unit
which will send data to ground operators. To control the satellite, a hybrid control system involving an
extendable gravity gradient boom and a reaction wheel will be implemented. The boom will stabilize the
spacecraft along two of its axes so that it points the patch antenna on the bottom face towards Earth. The
reaction wheel will be used to flip the satellite if it is determined that the antenna is pointing in the
opposite direction.
4.2: Boom Design
One of the design requirements for the satellite is to use a deployable gravity gradient boom to point the
satellite’s antenna toward the Earth. It is therefore necessary to determine the length and mass of the
deployable boom that would control the spacecraft’s orientation.
All spacecraft in Low Earth Orbit experience a torque due to gravity gradient. The governing dynamic
equations describing the gravity gradient effect are given below:
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Equation 4: Gravity gradient equations

In these equations, ω is the spin rate about a given body axis, µ is the standard gravitational parameter for
Earth, r is the distance between the satellite and the center of the earth, I is the moment of inertia about a
given body axis. The attitude of the spacecraft is described by the three angles ϕ, θ, and ψ which
describe the instantaneous angles of rotation between the body axes and the orbital fixed axes for
the x, y, and z axes respectively. These angles also change as a function of time, and are described by
the following equations:
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Equation 5: Angle equations that describe position of spacecraft

These 6 differential equations completely describe the attitude of a spacecraft that is undergoing gravity
gradient torque. The magnitude of the torque depends upon the differences in the force of gravity acting
on a body. The differences in the force of gravity arise from the moments of inertia about the satellite’s
body. A larger moment of inertia about a given axis will result in more torque being applied to that axis.
The amount of torque acting on an axis is also a function of the orientation of the spacecraft’s body frame
with respect to the orbital frame [8]. The body frame is a set of axes that remain fixed to the body of the
spacecraft, whereas the orbital frame is a set of axis that remain fixed with respect to the orbit. The figure
below clarifies the difference between the orbital frame and the body frame of the spacecraft.

Figure 38: Different frames describing the satellite. The blue frame represents the body axes, and the red frame
represents the fixed orbital axes

To use this torque to control the spacecraft’s attitude, the spacecraft will be equipped with a deployable
boom. This boom will be stowed aboard the spacecraft during the launch and initial deployment of the
vehicle. After deployment, the spacecraft will then deploy the boom when onboard sensors have indicated
that the satellite body z-axis is nearly aligned with the orbital z-axis (See section 4.1). This will increase
the moment of inertia about the body x and y axes, while leaving the moment about the z axis relatively
untouched. This effectively creates control torques about the spacecraft’s x and y axes that tend to cause
the spacecraft’s z axis to align with the direction of the local gravitational field (the orbital z-axis)
because the restoring torque that acts on these two axes is much larger than the torque that acts on the z
axis. The boom deployment will also decrease the spin rate about the spacecraft’s x and y due to the
conservation of angular momentum about each of these axes. [9]
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To effectively utilize gravity gradient torque, a very specific length for a boom, as well as tip mass, must
be chosen. If the boom causes the moments of inertia about x and y to hardly change, then no control
torque will be applied. However, if the boom causes too large of an increase in the moment of inertia,
then the control torque will be too large for some initial orientations of the satellite, and will cause the
satellite to spin uncontrollably.
To numerically determine the necessary length and mass for the boom, several MATLAB functions were
programmed to simulate the spacecraft’s attitude and angular spin rate while it is in orbit. One function is
a differential equation describing the dynamics of the spacecraft undergoing gravity gradient torque as a
function of the current angle and angular rate as well as the height of the orbit and the moments of inertia
of the satellite. A companion function is responsible for solving this differential equation and formatting
the results into easily readable graphs. This function also outputs RMS values for the angular positions
and for the spin rates. The simulation code was validated by inputting initial conditions that have been
tested by other orbital simulators and verifying that the results of the simulation matched published
results. Appendix G contains the MATLAB code and a sample simulation. The general structure and
flow of the code was adapted from code used by a Cal Poly senior design project [10].
Once the functions had been written, it was possible to experiment with the length and mass of the
deployable boom. It was experimentally determined that a 2-meter-long boom with an attached 100-gram
end mass yielded steady state results that are acceptable for this mission. The end mass was selected first,
since the mass needs to fit compactly into the end of the satellite. Several geometries were explored, and
it was determined that a very thin prism with a square cross section could fit into the top of the satellite,
and this would have a mass of 100 grams. The length of the boom was then experimentally determined
using this value for the tip mass. These values were very carefully selected, since the boom will take up
valuable space in our satellite. Combinations were tested that included smaller tip masses and longer
booms, as well as larger tip masses with shorter booms. However, these configurations didn’t provide the
consistent stability and compact form factor that a 2-meter boom with a 100-gram mass provided. The 2meter boom can be compactly stored in a roll, which will help save volume on the inside of the
spacecraft.
To fully validate the selected parameters, a series of linked simulations were performed using the
MATLAB functions. There were three preliminary simulation phases: An initial deployment phase, a
boom deployment and wheel spin-up phase, and a wheel spin-down phase. These phases were selected
because it was initially thought that using the onboard reaction wheel to provide a constant angular
momentum bias would help stabilize the attitude of the spacecraft. These initial tests indicated that the
wheel did not add enough performance to justify its use, so this phase was dropped from further
simulations.
The simulations were performed for several likely initial spin conditions for the spacecraft. A source
indicate an initial z axis spin rate of 7 deg/s from the P-POD CubeSat deployment mechanism, so this
value was used for most simulations [11]. The spin rate about the x and y axes were varied for several
cases to verify that the spacecraft would be able to stabilize over a variety of different initial conditions.
Additionally, the initial angle offset from the vertical was set to +-20 degrees, since the earth sensors
onboard the satellite will be able to provide pointing information to this accuracy level. The table below
shows the results of these phased simulations for several different initial conditions.
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Table 15: Initial spin rates in degrees per second and resulting peak steady state values for attitude angle and
angular rates. First phase and second phase were simulated for 3 days each
Initial Conditions [deg/s]

Steady State Peak [deg for phi,theta,psi, deg/s for others]

w_x

w_y

w_z

phi

theta

psi

w_x

w_y

w_z

1

1

7

5.605

5.602

147.0

0.018

0.018

7

3

3

7

5.657

5.657

146.8

0.078

0.078

7

1

3

7

5.629

5.629

146.9

0.038

0.038

7

3

7

7

5.643

5.636

146.8

0.119

0.119

7

5

5

7

5.643

5.643

146.8

0.101

0.102

7

3

3

3

8.645

8.647

147.0

0.132

0.132

4.22

7

5

5

7.816

7.800

146.9

0.255

0.256

4.98

7

3

1

23.69

23.07

146.6

0.400

0.403

0.924

7

7

5

7.891

7.877

147.0

0.304

0.304

4.99

7

1

1

26.49

25.48

146.8

0.525

0.529

0.988

The spacecraft can attain a steady state value of +- 7 degrees in all the evaluated initial conditions in
which the spin about z was initially greater than the spin about x and y. This is an acceptable criterion,
since the geometry of the P-POD deployment mechanism makes the spacecraft much more likely to
exhibit higher spin about the z axis than about the other two. Even if the z-axis spin is lower than the spin
rate along the other axes, the boom is able to stabilize the satellite to within +- 26 degrees which is
acceptable. Therefore, the specified boom dimensions of 2 meters in length with a .1 kg end mass will be
sufficient to effectively control the spacecraft’s attitude about its x and y axes.
4.3: Boom Deployment Mechanism
Per the CubeSat standard, any deployable mechanisms must be actuated no sooner than 30 minutes after
launch from the P-Pod launcher, and must be constrained by the satellite itself instead of pressing against
the sides of the launcher. Consequently, the gravity gradient boom with end-mass must be fully contained
inside the satellite during launch, and must be deployed on command by the onboard control system.
Furthermore, for simplicity, it was desired that the boom be actuated without the use of an electric motor.
To meet these constraints, the boom was designed to be a portion of a tape measure, found at any
hardware store. The tape material is constructed of a thin, very elastic metal, allowing it to regain its
shape after being rolled up, as it is inside the casing of the traditional tool. This elasticity was used to an
advantage, as rolling the tape tightly stores an immense amount of potential energy, and causes the tape to
unroll itself once released.
To use this stored energy to deploy the boom, a new casing had to be created for the section of tape
measure while inside the spacecraft, before deployment. This casing has several requirements:
• Reduce or eliminate friction between the tape and the casing walls, allowing the tape to selfdeploy.
• Provide a central hub for the tape to wrap around and anchor to.
• Facilitate a triggering mechanism to be actuated by the onboard control system.
• Stop the deployment at the desired boom length.
• Secure the boom to the spacecraft once deployed.
• Allow the tape to be rolled and deployed repeatedly for testing before launch.
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The triggering mechanism was created using a section of Nichrome wire, a high-power 1 ohm resistor,
and a short length of fishing line. Short of actuating an electric servo or motor, the only control signal
available from the control system is an electric current. By securing the boom in the stowed position
before launch with a piece of fishing line wrapped around the Nichrome wire, the wire can be heated
sufficiently to cut the fishing line, allowing deployment of the boom. The Nichrome is wired to a relay
able to provide a current of 3 amps at 5 volts, creating the heat required as the wire dissipates that power.
Nichrome was selected because of its relatively high resistance/length, and is used professionally in a
similar way inside electronic cigarettes. The 1 ohm resistor was added to make the equivalent resistance
of the circuit approximately 1.5 ohms, which creates the required 3 amps when supplied by the satellite’s
5 volt supply.
Shown in the figure below is a SolidWorks rendition of the entire mechanism, followed by an explanation
of each individual component.

Figure 39: SolidWorks model of the boom deployment mechanism. Assembled view (top) and exploded view
(bottom).
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4.3.1: Outer Casing (Red)
Outer structure
mounting surface
with screw holes

Ni-chrome
wire guides

Tape measure
exit slot

Bearing axle
mounting holes

Resistor mounting
surface with screw
holes

Figure 40: Isolated view of the outer casing alone

This is the main component of the boom mechanism, and will be referred to as the casing. This piece is
designed to be 3d printed out of ABS plastic, and as such is able to utilize geometry that would be
impossible to achieve with traditional machining. Features built into this design include:
• Hex recess for the main axle (#10-32 bolt) on which the hub spins during deployment.
• Four M3-size holes with nut recesses for mounting the mechanism to the outer structure.
• Six holes to allow installation of the bearing axles.
• A platform and mounting holes for the 1 ohm/ 25W resistor.
• Four wire guides for the Ni-chrome wire.
• Rectangular slot for the tape measure to extend through.
4.3.2: Inner Hub (blue)

Hex-shaped hole for
locking axle nut.

Fishing line
mounting locations
Tape measure slot

Figure 41: Isolated view of the boom hub
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This piece serves as an anchor for the tape measure and a handle with which to wind the boom into the
device. The end of the tape measure is inserted into the slot, inside which there is a small tab that prevents
the tape from sliding out. Viewed from below, the hub has a hex-shaped hole through the center. As this
hub spins on its axle made from a standard #10 bolt (not shown in the image), a nut inside this hole
travels from the top of the hub towards the bottom. When the boom reaches full deployment length, this
nut tightens against the outer casing, locking the hub from rotating further or backwards, thus locking the
boom at full deployment length.
The hub is also an integral part of the triggering mechanism. There are four holes around the top edge of
the hub, any of which can be used as an anchoring point for the fishing line. Multiple holes were included
so that regardless of how the hub is rotated when the boom is stowed, at least one of the holes will be in
an appropriate positon to be tied to the Ni-chrome wire.

4.3.3: Bearings (Grey/Orange)
Ball bearing
Bearing axle

Air hose spacers

Figure 42: Bearing assembly, with ball bearing in the center surrounded by air hose pieces

There are three sets of ball bearings arranged in a circle around the stowed tape measure. These ensure the
tape roll stays in place, as well as allow the tape to deploy with little to no friction from the outer walls of
the casing. In the image included here, the bearing itself is the grey disk, which is held in place above and
below by a small section of air hose pressed onto the bearing axle. This axle is a small length of 1/8”
hardened steel wire.
4.3.4: Triggering Mechanism
As shown in Figure 43, the triggering mechanism consists of a heated piece of Nichrome wire, a resistor
(depicted in green in the exploded view above), and fishing line. The Ni-chrome wire will be fed through
the guides in the outer casing, making a circle that surrounds the top of the hub. This allows any point of
the Nichrome circle to be tied to any one of the four mounting points on the boom, guaranteeing a viable
fishing line configuration no matter how the hub is rotated as the boom is stowed. One end of the
Nichrome circle is attached to ground through the large resistor, and the other end feeds directly to the
relay supplying the power. When the relay is activated, the circuit is completed between the 5 volt supply
and ground, and the Ni-chrome will begin to heat up until the fishing line is cut. Once this process is
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completed, the boom will be locked in place via the nut inside the hub and the Nichrome can be
disconnected from power for the remainder of the mission.

Ni-chrome wire

Fishing line

Figure 43: Prototype picture of fishing line triggering mechanism

Since the Nichrome creates a significant amount of heat when activated, it would melt the ABS wire
guides if it was not insulated. To remedy this, small pieces of Teflon tubing were cut to size and inserted
into the wire guides before the wire was run through. The melting point of the Teflon is sufficiently high
enough to withstand the heat of the Nichrome, and prevent the wire from melting through the guides.
4.3.5: Deployment Time Testing
In order to deploy the gravity gradient boom at the correct time and give the satellite the best chance of
being oriented correctly, the control system must know how long it takes for the fishing line to melt. By
taking this time span into account, the control system can send the current to the Nichrome in advance,
compensating for the burn time and ideally deploying the boom when the S-band antenna is pointed
towards the ground. To get an idea of what this amount of time will be, a series of controlled tests were
performed on the boom mechanism, with as many variables as possible held constant from test to test.
Connected to a power supply set to 5 volts, the boom mechanism was repeatedly loaded, secured with
fishing line, and allowed to deploy while recording the time to deployment with a stopwatch. The fishing
line knot was tied exactly the same each time with approximately the same amount of tension, or as close
as is possible to tell by hand. There was an initial concern that the Nichrome wire would need to be
cooled off between tests, but due to its small thermal mass, it cooled itself back to room temperature in
the time it took to rewind the boom and tie the next fishing line knot. The resistor heated up after several
repeated tests, but setting the power supply to a constant 5 volts and ensuring the current did not fluctuate
from test to test ensured that the resistance was not changing as it rose in temperature.
A total of 50 test deployments were conducted and recorded with the hopes of finding an average
deployment time as well as a statistically significant standard deviation. A table of the test result
highlights as well as a scatter plot of all the test results are included in Table 17.

58

Table 16: Tabulated summarized data of boom deployment testing
Number of Tests Performed

50

Minimum Deployment Time (s)

18

Maximum Deployment Time (s)

29

Average Deployment Time (s)

23.22

Standard Deviation (s)

2.54

Time To Deployment of Gravity Gradient Boom
35
30

Time (s)

25
20
15
10
5
0
0

10

20

30

40

50

Test Number
Figure 44: Scatter plot of all recorded deployment test results.

Clearly, the results of these tests indicate a very consistent deployment time. With a standard deviation of
under three seconds and a maximum range of about ten seconds, this data is reliable enough for the
control system to make an adequate guess about when to deploy the boom. Furthermore, to ensure the
Nichrome is given enough time to melt the fishing line, the 3 amp current will be sent to the deployment
trigger for far longer than is necessary, meaning the boom will certainly deploy assuming all other parts
of the mechanism function correctly.
4.3.6: Endmass
Of course, the ultimate purpose of the boom mechanism is to extend a 0.1 kg steel endmass away from
the rest of the spacecraft. This endmass along with the brackets required to attach it to the tape measure
are shown in Figure 45.
The brackets are fabricated from 18 gauge steel sheet metal, and are bolted to the endmass using the same
M3 brass screws as are used on the rest of the structure. The end of the tape measure extends between
these two brackets up through the top of the endmass, and is held in place by more M3 screws and hex
nuts.
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M3 screw holes

Figure 45: Endmass model including mounting brackets. Top surface (left) and bottom surface (right)

4.4: Attitude Control System Sensing
The need for attitude sensing on the spacecraft is to determine when to deploy the gravity gradient boom
should be deployed. If the boom is deployed at the wrong time, when the spacecraft stabilizes with the
gravity gradient boom deployed, it is possible the spacecraft will be oriented the wrong way reducing the
communications capabilities of the spacecraft. In this case, the high data rate S-Band communications
will be affected and the link between the satellite and the Santa Clara ground station will not be sufficient
to accurately transmit data to the Santa Clara University Mission Operations room.
The ACS sensing system uses two thermopiles to determine when the spacecraft is pointing towards the
Earth. Thermopiles operate by turning thermal energy into electrical energy. When there is a temperature
gradient between the sensor and the objects in the field of view of the sensor, a voltage it creates a voltage
difference. By reading the voltage difference across the thermopile, it can be determined when the
thermopiles are absorbing thermal energy from the Earth or emitting to Earth. The Earth emits IR
radiation at a wavelength of around 10μm compared with the sun which radiates at a wavelength between
100nm and 1μm. When a band-pass filter is used with the thermopile sensor, it will respond to thermal
energy or radiation coming from a certain wavelength range allowing the sensor to filter out the majority
of the radiation from the sun and only respond to the radiation interaction with the Earth. The code will
only register a Earth pointing response when the level the sensor reads is above a certain threshold to
ensure that absorbing energy from the sun will not lead to falsely registering sensor contact with the
Earth. Thermopile manufacturer Heimann produces thermopiles with a band-pass filter that is responsive
to thermal radiation between 8μm and 14μm. A picture of the thermopiles and the responsivity plot can be
seen below in Figures 46 and 47.
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Figure 46: Infrared Thermopile Sensor*

Figure 47: Responsivity plot for Heimann thermopiles with different filters [8]

When the thermopiles are pointing towards the space where the temperature -270°C or 3K, the sensors
will create an insignificant voltage across it. When the spacecraft is pointed towards the Earth the surface
temperature can vary from around 0-30°C for non-polar regions. When the spacecraft’s thermopiles are
pointing towards the Earth, the temperature gradient between the sensor (spacecraft) and the Earth will
create a measurable voltage difference. By using two thermopiles, one mounted on each end of the
satellite, it is possible to determine if the antenna is pointing near the Earth, opposite the Earth, or in some
intermediate position. When the thermopile on the side with the gravity gradient boom generates a
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voltage, the satellite is oriented in the wrong direction. If the thermopile on the side with the S-Band patch
antenna is generating a voltage, then we know that the satellite is in the correct orientation. The two
possible cases for the satellite orientation after the boom deployment can be seen below in Figure 48.

Figure 48: Cases where spacecraft is incorrectly oriented (left) and correctly oriented (right)
If our satellite is deployed out of the International Space Station, our satellite will be at an orbital height
of around 400km. At this height, the angle of view that the satellite sees of the Earth is approximately 140
degrees. With a thermopile with a 100-degree field of view, the thermopile will be able to determine if the
satellite is pointing towards the Earth within 20 degrees of accuracy. If our satellite is deployed at a
higher orbital height, then the thermopiles will be able to determine if the satellite is pointing at the Earth
with a higher degree of accuracy.
Using the themopiles on each end of the satellite, the AVR microcontroller will calculate the average
orbital rotation period over 10 periods. The thermopile on the end with the patch antenna will be used to
calculate this average rotation period for 10 periods. To calculate this average rotation period a median
time of each period that the thermopile is absorbing energy from the Earth. When this average rotation
period is calculated, and taking into account the average time the nichrome wire the AVR microcontroller
will calculate the median time of contact of the thermopile on the end with the patch antenna for future
periods and calculate when to send a 5V signal through a relay so that the boom is deployed in a position
where it is facing away from the Earth and the patch antenna facing Earth.
When the boom is deployed, there is a possibility that the satellite will stabilize in a position where the SBand patch antenna is facing away from the Earth. The thermopile on the end with the gravity gradient
boom will constantly absorb energy if the satellite has stabilized in this orientation. Section 4.6 will
discuss a contingency maneuver that uses the reaction wheel to reorient the spacecraft.
4.5: Inertial Measurement Unit
The attitude control system shall also contain an inertial measurement unit (IMU) in order to provide
more detailed attitude data. This data will not be used on the onboard attitude control system, but rather
will be sent as telemetry to the ground station so that operators will be able to determine whether or not
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the attitude control system is functioning as intended. This is a necessary component since it will allow
for high fidelity measurements to be made regarding how well the gravity gradient boom performs on
orbit. The Sparkfun 9 Degree of Freedom sensor stick is being used with an accelerometer, gyroscope,
and magnetometer. The data from the IMU can be transmitted down to the Santa Clara University ground
station where more accurate attitude control telemetry and data can be calculated to monitor the overall
performance of the attitude control system. In addition the IMU also has a temperature sensor that can
provide one data point to be correlated to the thermal model even though it is not able to provide full
thermal telemetry that would allow constant monitoring of the internal temperatures. The IMU will be
mounted to the custom ACS board containing the gravity gradient boom relay circuit, and thermopile
amplification circuit.
4.6: Attitude Control System Board
The attitude control system requires a custom circuit board that gathers data, telemetry and transmits
commands coming from the AVR microcontroller to continuously monitor the performance of the attitude
control system. This circuit board has non-inverting op-amp circuits that amplify the signal from the
thermopiles. This voltage generated by the thermopiles is amplified so that when it is sent to the analog to
digital converter on the AVR controller it provides distinguishable values to determine where the
thermopiles are pointing at any one time. The circuit board also contains the relay that controls the burn
of the nichrome wire to deploy the gravity gradient boom. A signal from the AVR microcontroller will be
sent through this relay to allow current to flow through the nichrome wire to heat it up. The IMU is also
attached to the attitude control PCB and requires logic converters which allow the IMU’s native 3.3V
logic levels to be compatible with the 5V logic that the AVR microcontrollers function on. The board
layout of the circuit board for the attitude control system can be seen in Figure 49.

Figure 49: Attitude Control System Board Layout
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The attitude control system board is 40mm x 40mm. Due to the size constraints of the board, the IMU has
to be supported above other circuitry on the board and will be attached towards the top of the board as
seen in Figure 49. The attitude control system PCB was fabricated by Bay Area Circuits and the
components soldered on at Santa Clara University.
4.7: Flipping Maneuver and Reaction Wheel
It is necessary to have some contingency in place in the case that the deployable boom causes the satellite
to be stabilize in the wrong direction. If this occurs, then the signal that the ground station will be able to
sense from the onboard patch antenna will be highly attenuated and likely unable to decode since this
antenna will point in the opposite direction of Earth.
The onboard thermopile sensors will be used to determine if this case has occurred. A small reaction
wheel has been included inside of the satellite to reorient the spacecraft if it is pointing in the wrong
direction. This wheel is to be oriented to spin about the spacecraft y-axis. A basic control system for this
reaction wheel has been designed that allows the wheel to be spun up and down in order to control the
wheel’s angular momentum. This momentum is transferred to the spacecraft since it is a rigid body,
causing the entire satellite to rotate and spin 180 degrees.
A Simulink model has been generated to simulate this control system and validate that it will be able to
flip the satellite. This model was based almost entirely on an existing Simulink modelling framework.
However, several new functions were implemented in the model. The expected behavior of the thermopile
sensors was modelled, as well as a basic control system that proportionally varied the amount of control
effort output by the control system. Appendix H shows a screenshot of this model. Table 18 below shows
the results of several simulation cases:
Table 17: Initial Conditions and results for reaction wheel simulations
Initial Condition

Result

X rotation
(degrees)

Y rotation
(degrees)

wx (degrees/s)

wy (degrees/s)

wz
(degrees/s)

Invert
success?

Max overshoot
(degrees)

0

0

0.1

0.1

7

Yes

76.3

0

10

0.1

0.1

7

Yes

44.6

0

-10

0.1

0.1

7

Yes

75.4

10

0

0.1

0.1

7

Yes

59.2

-10

0

0.1

0.1

7

Yes
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Although only some cases have been simulated, it is clear that the reaction wheel will be able to
successfully reorient the satellite if it is necessary. The evaluated cases are the most likely cases, since
most boom simulations resulted in steady state x and y angles of less than 10 degrees. Further testing will
be conducted to validate that this reaction wheel will reorient the satellite with the worst possible steady
state error.
Due to time limitations, the team was not able to design a reaction wheel that would work adequately for
SCUCube. However, the team was able to generate a set of requirements that the reaction wheel must
satisfy. Some preliminary work has been done on selecting a proper motor and a motor driver by a
graduate student, but there is some future work in packaging and testing the reaction wheel. Table 19 and
Figure 50 below show the performance and size requirements that the wheel must satisfy.
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Table 18: Performance and packaging requirements for the reaction wheel.
Reaction Wheel Requirements
Housing
A (height of housing)
B (diameter of housing)
C (maximum width of packaging including mounting bracket/mounting holes etc)
Performance
Maximum Angular Momentum Output
Allowable Supply Voltages
Maximum Current Draw

mm
mm
mm

20
45
65

kg m2/s2
V
A

.08
5, 12
3.5

Figure 50: Accompanying image for the reaction wheel requirement in table 19. The wheel shall spin
about it’s z axis.
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Chapter 5: Electronic Power System
Proper operation of the SCUCube requires the integration of an EPS. Satellites must harvest energy from
the sun through the utilization of solar panels. However, this power source is unregulated, and if it is not
properly controlled it has the potential to seriously damage satellite subsystems. An EPS is used to
regulate this power, ensuring all subsystems function properly [19].

Figure 51: Legacy Electronic Power Board EAGLE Schematic

5.1: Electronic Power System Board
As shown above, the SCUCube is utilizing a legacy EPS board to provide 5-V and 12-V regulated lines
for subsystem power as well as battery charging. This legacy project utilized circuitry components from
Linear Technologies to receive power from the solar panels, charge the backup battery, regulate two
voltage levels, and charge a supercapacitor [10].
For the legacy-EPS board to work for the SCUCube, a few modifications had to be made, and can be seen
above. The SCUCube will not use a supercapacitor, so the charging port for this component was removed.
To better monitor the health of the satellite, several sensors were added, including current sensing for the
solar panels (see box 3 in Figure 52), voltage sensing for the battery, total input voltage sensing, and
voltage sensing for both the 5-V and 12-V regulated lines (see box 2 a in Figure 52). Lastly, inhibiting
circuitry was added to delay the EPS from powering other subsystems until one hour has passed to
comply with the CubeSat standard (see box 1 Figure 52). The EAGLE schematic for this circuit board
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can be seen in Appendix A.

Figure 52: Revised Electronic Power Board EAGLE Schematic

5.2: Electronic Power System Power Requirements
There has been significant work done in the RSL by previous teams to create a functional Electronic
Power System (EPS) for a nanosatellite. Part of this legacy work includes a solar panel PCB that was
designed in 2013 to fit a 3U CubeSat [5]. To determine whether this solar panel would work for our
satellite, a power budget needed to be developed. This document considers the power draw of every
component in the satellite for several power modes. Different power modes were developed which
correspond to specific use cases of the satellite. This is necessary since the power required by the satellite
depends on which components are active at any given time. The power budget document may be found in
Appendix F.
Once the power required by the satellite had been determined, it was necessary to assess whether the
existing solar panel design could be used to provide power generation. The original solar panel design,
which used 50 solar cells, needed to be slightly modified for two of the panels, as it was determined that
the solar panels would need to have 5 cells to allow room for several antennae and a remove before flight
pin on the side of the spacecraft. Therefore, the satellite will have 2 panels with 50 cells and 2 panels with
45 cells.
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Initial calculations were performed to determine the power generation with 45 TASC solar cells placed on
the solar panel board. Average generation over one day in orbit was 1.66W for one panel directly facing
the sun, and 2.34W for two panels each angled at 45 degrees towards the sun. These two cases were
evaluated since they represent the theoretical worst and best cases for power generation, respectively. If
one panel is facing the sun directly, this means that all the other panels will not receive any sunlight due
to the geometry of the satellite. At most, two panels will be able to receive energy from the sun. The best
case for this scenario is if they are both angled at 45 degrees to the sun, since there will be equal
generation on both panels. Figure 53 shows the two orientations with respect to the sun. However, these
initial calculations needed further validation since it was assumed that the panel would be facing the sun
directly along the third axis for times that the panel is illuminated.

Figure 53: Left case is worst case, in which only one panel may receive solar panel. Right case is the best case, in
which two panels receive solar panel at an angle of 45°. Third axis of satellite is assumed to be perpendicular to sun
vector

A simulation scenario was created in STK (Satellite Tool Kit) to accurately model the amount of power
generated by the solar panels for a day in orbit. To model the solar panels easily, the total area of solar
cells on the PCB panels was calculated. A simulated panel was generated for the 45-cell panel as well as
for the 50-cell panel. A final model combined two of each type to create an accurate model of the
satellite. Once the model of the satellite had been generated, it was necessary to specify an orbit. For this
simulation, the orbital characteristics of the International Space Station (ISS) were used, as it is often the
case that CubeSats are deployed from the ISS and therefore have very similar orbits. Finally, a nominal
attitude, or orientation, of the spacecraft was specified. Since gravity gradient stabilization is being used
for attitude control, the z- axis of the spacecraft is nominally pointing towards the center of the earth. In
addition, a spin rate of 7 degrees per second about the z-axis was also specified since most attitude
simulations resulted in this value for steady state spin. These parameters were specified in the STK
scenario, and the scenario was simulated for 1 day. Simulation data can be found in Appendix F.
Simulations were performed for 9 different times of the year to account for different orbital seasons. For
the worst season of solar coverage, the satellite is only in sunlight 58.3% of the day. Average generation
over one day in orbit was 2.08 Watts for this configuration. This value is much more accurate than the
coarse initial calculations, so it is used for the remainder of calculations.
Now that the amount of power required by subsystems and the average amount of power generation is
known, it is possible to determine the ratio of the day that each power mode may be used. This is
necessary to ensure that the battery is able to charge enough and provide enough power to the satellite
while in expensive power modes and while the satellite is in eclipse. The Lithium Ion battery selected by
the previous senior design team has an energy capacity of 19.2 Watt hours; this value is used to determine
the initial charging time on orbit. This battery has a nominal voltage of 7.6 Volts, and can store 2600
milliamp hours of charge[6]. The following tables detail the amount of hours that the satellite will operate
in each power mode for a given mission phase, as well as the net amount of charge and max charge
deficit.
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Table 19: Power modes and energy usage for different mission phases
Power Mode
Parameters

Mission Phases

Battery
Charging
Boom
Deployment
Reorientation
Nominal
Operations

Standby

Data Downlink

Payload Downlink

Pointing

1.71
102

8.61
0

2.91
0

5.09
0

Boom
Deployment
19.24
0

38.63
1.5
0.57

0
0
0

0
0
0

0
0
0

0
0.017
-0.286

1.50
0.57

0
0.000

0
0.000

0.167
-0.500

0
0

18.84
7.13

0.5
-3.26

4.66
-3.85

0
0.00

0
0

Power Draw (W)
Time [H]
Energy
[W H]
Time [H]
Energy
[W H]
Time [H]
Energy
[W H]
Time [H]
Energy
[W H]

Table 20: Net energy and charge characteristics for the electronic power system. Factor of safety of 2 was used to
determine values for the last 3 columns
Mission Phases
Battery
Charging
Boom
Deployment
Reorientation
Nominal
Operations

Net Energy
Margin
[W H]

Length of Phase
[H]

38.63

102

0.28

1.52

1.03

1.67

0.07

1.67

Net Charge in
Battery [mA H]

Desired Net Charge
[mA H]

2610.0

2600

19.06
69.55

0
0

4.57

0

It is clear from the above table that the available battery and solar panel design will be adequate to fulfill
our mission objectives. During the nominal operations phase, there shall be adequate power to allow for
half an hour of data downlink and 16 hours of payload downlink. The remaining 7.5 hours are used to
recharge the satellite’s battery. It’s necessary to ensure that the power gain and draw for each of the
mission phases is balanced. To do so, the net energy margin is divided by the nominal battery voltage as
well as a factor of safety of 2 to give the net charge of the battery. It is clear that the system will maintain
enough battery charge since the desired net charge numbers are achieved for each mission phase.
Therefore, the electronic power system will be capable of effectively powering the satellite during its
mission lifespan.
5.3: EPS Inhibit Circuitry
The SCUCube inhibitor circuit has been implemented using a 555 IC chip. The circuit will keep the EPS
from powering other subsystems for one full hour. The CubeSat standard states that a satellite must wait
30-minutes from launch to deploy any physical components, and 45-minutes to begin to transmit data.
The SCUCube utilizes one single 60-minute timer for simplicity as well as to provide a safety buffer to
the 45-minute requirement. The safety buffer must exist because the timer used by the 555 IC directly
depends on resistor and capacitor values that have small tolerances associated with them, meaning the
exact length of time may vary. Initially the use of a microcontroller was considered for use as a timer.
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However, due to the higher power draw of a microcontroller and the fact that the timer only needs to
operate once meant that simple circuitry would be the best option for the SCUCube.
A circuit diagram for this timer can be seen below in Figure 54. The circuit uses an NE555 IC, a 50megaOhm resistor, a 68-microFarad capacitor, a 1-kiloOhm resistor, and a 100-nanoFarad capacitor to
achieve the 60-minute delay.

Figure 54: Inhibit Circuitry

A 555-timing circuit has two modes of operation: monostable and astable operation. For our satellite,
monostable operation is required as the timing delay must only happen once. To determine the length of
delay Equation 6 is used:
𝜏 = 1.1 ∗ 𝑅l ∗ 𝐶l
Equation 6: Equation for delay of timing circuit [20]

Using the 50-megaOhm resistor and the 68-microFarad capacitor should then result in a delay time of
3,740 seconds, or 62 minutes and 20 seconds.
Regular monostable operation of a 555 results in a high signal for the period given by Equation 4. For the
SCUCube this signal needs to be low for the specified period, and then go high indefinitely. To do this, a
two input NOR gate has been implemented with one of the input tied to ground. With this implantation,
the signal eventually seen by the voltage regulators in the EPS turns “HIGH” once the specified period
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has passed.
To ensure as little power dissipated as possible, the timing circuitry was not used as the primary power
path to subsystems. Instead, it was used as a trigger for a BJT/Power Relay Switch. At the end of the
delay period, a BJT switch seen below in Figure 55 will turn a Power Relay Switch. This switch will
close the power path from the solar panels and battery output to the 5 and 12-V regulating circuitry which
are in turn connected to all subsystems on board the SCUCube.

Figure 55: EPS BJT and Power Relay Switch Design

To trigger the timer, the 555 must experience a change in its input voltage. The SCUCube will
accomplish this using a button mounted in the rail of the satellite, so that it will be compressed when
loaded into the deployment module. When compressed the button will disconnect the EPS from any
power source (both battery and solar panels). When the satellite is deployed, the button will depress,
providing a current and voltage to the EPS, and triggering the timer. To keep the button from providing
power to the subsystems prematurely, it is used in tandem with a turn key. This key will be removed after
the button is pressed and the satellite is loaded in the deployment unit.
5.4: Inhibit Mechanisms
As required by the CubeSat Standard the satellite must have two inhibit mechanisms. One of the
mechanisms must ensure that the device is powered off when inserted the side of the satellite and is a
push button in the foot of one of the rails. The first is required so the satellite remains off when being
handled by the launch facility. It will be removed before launch when the satellite is installed in the PPOD. The second will ensure that the satellite does not start up during launch while it is in the P-POD,
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then after launch it will start the time on the timing circuitry so the P-POD can start up 60 minutes after
launch. The areas that we can place the button and remove before flight pint are shown in green in in
Figure 56.

Figure 56: Options for Inhibit Pin and Button Placement [1]*

We have selected to use a key switch that is pictured below in Figure 57 as our removed before flight pin.
It is placed in the top access port shown on the figure above because our antennas already require that we
shorten one of the solar panel boards which leaves room for the pin. The key switch is a mechanical
switch so when turned to the appropriate position it will put and break in the circuit and stop the flow of
current. This switch will be wired in series with the power system so that no power can be supplied to
any system while inserted in the satellite, per the CubeSat requirements. Once turned and removed it will
remain in this position so that power will be able to flow through it. It is also required that the pin sticks
out from the satellite no more than 6.5 mm so we have selected an appropriately sized pin.

Figure 57: Remove Before Flight Key Switch *
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The push pin we have selected is similar to the remove before flight key switch in that is connect in series
the with power for the system. The pin will be physically attached near the bottom of a rail in the satellite.
It will be connected with the bracket shown below on the right. The push switch on the left was selected
and will be extended with a nail through one of the rail feet. It will be necessary that the pin gives a
voltage pulse to the timing circuit. This will happen by charging a capacitor on the circuit and when the
switch closes the voltage pulse will be sent to the circuit.

Figure 58: In-rail Push pin and mounting bracket*

Due to the importance of the push pin in triggering the timer, testing was done to ensure that the pin
behaved as expected consistently. According to the datasheet for the 555 timer, it can be triggered by
either a low to high input signal or a high to low input signal. Because the pin will be providing this
change in signal and will be pressed until deployment, this testing was done with a low to high input
signal. Repeated testing was done with a 30-second timer rather than a 60-minute timer in order to save
time, and each time power was withheld for 30-seconds, with the timer and push pin functioning together
as originally designed.
5.5: Solar Panel Design and Operation
For the SCUCube to generate power once in orbit, solar panels had to be developed to harvest solar
energy. The panels used by the SCUCube were previously developed in the Santa Clara University
Robotic Systems Laboratory, and can be seen below in Figure 59 [21]. These panels were developed to
hold 50 high efficiency triple junction solar-cells.

Figure 59: Original 50-cell Solar Panel Design

The boards were designed to have 5 solar-cells in a string, with 10 of said strings in parallel. This can be
seen below. Each individual solar-cell is a current source, and it is important to understand how these
strings function together. When in a string, voltage adds. This means the output of a string of 5 solar-cells
will output the sum of the voltage from each individual cell. However, in a string the smallest current
from one individual cell is the total output current. Because all cells in a cell face the same direction, it is
assumed that if the cells are operating properly the string will output the rated current of one individual
cell. When these strings are then connected in parallel it is the currents that adds up. This means that the
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total output voltage for a single solar panel is 5 times the output voltage of a single cell, and the total
output current for a single solar panel is 10 times the output current of a single cell. The solar cells used
for the SCUCube are rated at 2.19-V and 28mA of current. This leaves an expected output of one solar
panel at 10.95-V and 280mA of current, or just over 3 Watts of power when in direct sunlight.

Figure 60: Original 50-cell Schematic

Although the original solar panel design was done with respect to the dimensions of a 3U CubeSat, due to
hole locations for other subsystems the panels did not meet our sizing requirements on two of the four
sides of the satellite. To correct this problem one string of cells was removed to create a 45-cell solar
panel as well. This shortened the solar panel enough that a 45-cell board could be used on two-sides of the
SCUCube with the original 50-cell solar panels on the other two sides. The schematic for the 45-cell solar
panel can be seen below. With 9 strings, the expected output from these panels drops slightly due to a
lower current output of 252Ma, to 2.76 Watts of power when in direct sunlight.
The SCUCube uses four total solar panels, all connected in parallel to ensure high power input to the
satellite. By connecting the solar panels in parallel we ensure the input voltage will never be above the
10.95-V value that was used to pick subsystem circuitry as to not damage any components. When
connected in parallel the current output from each panel will add, still ensuring a high-power input. As
seen below in Figure 62 each solar panel has a reverse current protection diode connected at the panel’s
output line, and all four panels are connected to a diode that ensures the solar panel will only provide
power when it will not negatively affect the operation of the battery on-board. When charged the LithiumIon battery will discharge at just over 7-V. By design, the solar panels can only charge the battery and
provide power to other subsystems when outputting over the battery voltage. This ensures no power cuts
due to attempting to connect a low voltage and a high voltage together at the same node.
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Figure 61: Modified 45-cell Schematic

Figure 62: Solar Panel Inputs and Protection Diodes
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To test the design of the solar panels, and to test the assembly process, the SCUCube team fully
manufactured one set (2x 45-cell, 2x 50-cell) of solar panels. The assembly process and test process used
can be seen in Appendix H. The solar panel boards all passed their respective resistance tests, with all
strings measuring at or below 100 ohms. However, the solar-cells themselves failed the test. This was due
to the age and storage location of the cells themselves. The cells available for testing were over 10 years
in age and had been improperly stored at too high of a humidity to function properly. Due to a lack of
other cells to use, these cells were used to test the overall functionality of the solar panels. Even using
these cells the solar panels passed inspection, with all voltages properly adding in strings and currents
properly adding in parallel.
You can see the finished solar panels in Figure 63. These panels were added to the flat satellite.

Figure 63: Finished Manufactured Solar Panels
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Chapter 6: Communications
Radio communications is vital for the proper functionality of the satellite. A primary communications link
is critical and necessary in order to send commands to the satellite and receive telemetry. An S-Band
radio will be used for this purpose. Beacon communications are useful to verify the state of health of the
spacecraft, so the satellite shall contain a beacon module. Finally, the primary amateur radio payload will
be used for disaster response communications. This chapter will discuss the communications links
necessary for these components to properly function. The amateur radio payload will be further discussed
in Chapter 7, and Command and Data Handling will be discussed in Chapter 8.
To ensure the communications system can transmit and receive data at our desired rates, the spacecraft’s
antennas must be sized accordingly as well as provide enough transmit and receive power to ensure all
data is transferred. For the spacecraft, a HAM transceiver, S-band transceiver, and beacon radio will be on
board. The mission requirement for our communications link was at least 6dB or link margin at elevation
angles above 45 degrees. Including this margin allows us to have the ability to transmit and receive data
with a low bit error rate if there is unexpected noise.
6.1: Beacon Radio
Our beacon is an integral part of our communication architecture. In general, beacons send out some sort
of “I am here” message. Ours will periodically send out health information, which we will be able to read
from the Santa Clara University Mission Operations Room. Other amateur (HAM) radio stations will be
able to receive this data as well.
Due to having only four microcontroller boards to use because of limited space, beacon functionality had
to be integrated on the same board as the payload functionality. Therefore, the beacon subroutine is
designed to be driven by an interrupt. While the beacon/payload subsystem is waiting, or processing a
payload command, an EDP command may come in that issues the beacon to send a signal. On the receipt
of this command, data to be processed and sent out is dumped into a process buffer. This data is then
processed and concatenated together, and then sent out the beacon port to the beacon radio, pictured in the
figure below in Figure 64.

Figure 64: Beacon Board

There are two beacon related commands: one which sends data through the beacon as described above,
and one which sends a dummy packet containing an identifying string. This functionality is verified by
using the commands to broadcast test data through the beacon and then receive and demodulate the data
in the RSL's Satellite Ops room.
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The beacon sends out a packet containing voltage and current information on the satellite's battery and
solar panels respectively, as well as health information on each of the four subsystems. This health data
includes the subsystem number, voltages and over-currents on each of the latch-up boards, and
temperature. The figure below shows a visualization of the beacon data packet.

Figure 65: Visualization of Beacon Data Packet

The beacon system coordinates with the scheduler and Dallas Master systems on the satellite. The figure
below describes this process. On start-up, the scheduler adds the first call to ready the beacon. On this
command, the scheduler commands the Dallas Master system to gather health data. This responsibility of
gathering health is distributed throughout the system, following decentralized processing. Each board in
turn receives a request to send their health data to the Dallas Master system. Once this is accomplished,
Dallas Master sends the data to the beacon system for processing and sending. This command is shown in
Figure 66 below. It then lets the scheduler know to add another call to ready beacon in ten seconds.

Figure 66:Beacon System Layout
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Figure 67: Beacon and Dallas Master System interaction

The challenges to setting up this system and verifying it lay in making sure the hardware responds. The
first challenge to this end was troubleshooting to find the correct configuration in which the beacon
device will broadcast. This came down to physical configurations; that is, proper voltages, connections,
and use of a null modem. The second challenge was in software. A problem occurred in which the beacon
system would hang after receiving the command to process and send data. This was caused by the EDP
system requesting an ACK before the beacon system was done processing - effectively interrupting an
interrupt. The beacon system would never reach completion of the processing state and thus hang. This
was solved with the application of the process buffer. The beacon system sends an ACK across EDP
immediately once the data in the command packet is saved to the process buffer. Then it can process and
send the data on its own. It was also necessary to ensure decentralized processing to run the beacon. Since
the beacon command runs repeatedly, it is more efficient to distribute the work than centralized to one
subsystem.
Future work on the beacon system involves the creation of a new functionality and involvement of the
Expert system. A new function may be added to send an arbitrary packet of data through the beacon. This
would be implemented with a new command through the COMM system, which may gather data per user
specifications. The beacon functionality may be augmented by the involvement of the Expert system.
Dallas Master may route the health data through the Expert system, which would use heuristics to
calculate an abstracted view of the system health, such as red, yellow, and green health states. Then
Expert may send this heuristic data to beacon to be sent out.
6.2: Payload Radio Communications
The HAM transceiver we intend to use is the RFM22B from HopeRF Electronics. The HAM transceiver
can be used at the frequency bands of 433/470/868/915 MHz. For our spacecraft, we will be using the
transceiver at a center band of 433MHz, close to what the beacon radio is transmitting. The major benefit
of using this HAM transceiver is that it operates at low power. The transmit power of the RFM22B is
+20dBm or 0.1W. Since the HAM transceiver operates at a similar frequency, the monopole whip
antenna length is approximately 173mm. The summary of the HAM transceiver specifications can be seen
below in Table 22.
Table 21: HAM Transceiver Communications System Summary
HAM Transceiver System Characteristics
Center Frequency
Data rate
RF Transmit Power
Antenna Length
Antenna Gain

Specification
433MHz
0.123 to 256 kbps
0-0.1W
173mm
5.16dBi
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6.3: S-Band Communications
The S-band communications system is designed for sending high data rate commands and controls to the
spacecraft as well as receiving telemetry. The S-band communications uses a higher frequency in the
range of around 2.4GHz.

Figure 68: Microhard Radio interfaced with an AVR microcontroller

To power the S-band communications system, we will be using the Microhard MHX2420 (Figure 68)
which is optimal for providing power over long distances. The Microhard operates in the S-band from
2.4-2.4835 GHz and has an output RF power of 0.1-1W. The link rate varies from 19.2-230.4kbps. The
Microhard will be interfaced to a dedicated AVR board with a standard serial connection.
Our team chose the Microhard because it has a proven flight heritage and capability, as previous Santa
Clara teams have used the Microhard for their satellites. Additionally, the Microhard has the following
features:
• Industrial Grade – extended temperature specification
• Low power consumption mode
• Communicates with virtually all programmable logic controllers (PLC), remote terminal units
(RTU), and serial devices
These features help our satellite stay within our design constraints. The Microhard fits within our power
budget, works with our existing microcontrollers, and can work within the hazards of space.
Instead of using a monopole whip antenna like the beacon radio and HAM transceiver, the S-band
communications system will use a patch antenna. To maximize the performance of the patch antenna, the
antenna needs to be mounted to a ground plane. The antenna mounted to the ground plane will resemble
the assembly in Figure 70.
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Figure 69: S-Band Patch Antenna mounted to ground plane

The antenna and ground plane assembly will be attached to the end of the satellite opposite the deployable
gravity gradient boom. A summary of the S-band communications system is tabulated below in Table 23.
Table 22: S-band communications system summary
S-Band Communications System Characteristics
Center Frequency
Data rate
RF Transmit Power
Antenna Gain

Specification
2450MHz
19.2 to 230.4 kbps
0.1-1W
>3 dB

All antenna communication systems will use an SMA connector to connect the transmitter/receiver to the
antennas. The two monopole whip antennas will be stowed along the solar panels of the spacecraft until it
is deployed from the P-Pod. The whip antennas will be attached to the inside of the structure using an Lshaped bracket while keeping the antennas electrically isolated from the structure. Figure 69 shows our
CubeSat structure with 2 whip antennas attached to the structure.
For the antenna communications, frequencies used for transmitting and receiving had to be chosen to
prevent a ¼ monopole wavelength antenna from exceeding the length of the spacecraft. If the length of
the antenna exceeded the length of the spacecraft, then the whip antenna would have needed to be folded
multiple times or wrapped around the spacecraft.
6.4: Mission Operations Center
From the Mission Operations Center at Santa Clara University, our team has access to highly specialized
equipment, software, and tools for tracking satellite missions in real time (Figure 71). It is a vital part of
the nanosatellite program for Santa Clara University, and has years of experience operating satellite
missions from Santa Clara University as well as NASA. Through a rigorous qualification course,
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students can learn how to operate the different equipment and software and become qualified to use the
center. Our team has several members who are fully qualified to run and use the Mission Operations
Center for our satellite, which is a valuable resource for this project.

Figure 70: SCUCube Design with 2 Whip Antennas

Figure 71: Students in the Mission Operations Center using equipment to track satellites
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Chapter 7: Payload
For our satellite, our payload will be a communications device that our team can program to broadcast
messages from orbit. In determining our design, our team created a functionality list that the payload
must achieve to be successful for the mission. The functionality list contained the following criteria, in
descending priority:
•
•
•
•
•
•
•
•
•
•
•

Bent Pipe Forwarding
Post Only Broadcasting
Data Handling
Voice Handling
Disaster Outreach Broadcasting
Education Outreach Broadcasting
Hobbyist Outreach Broadcasting
Configurable Forwarding to Other Systems of Satellites/Ground Stations
File Handling
Configuring of a Software Defined Radio (SDR) to Integrate with Other Systems of
Satellites/Ground Stations
Two Way “Bulletin Board” Broadcasting

Our initial design called for a Software Defined Radio, or SDR, for use as a payload. This had several
advantages, such as a wide variety of frequencies to select, and programmable to configure any message
the team needed to send. The team conducted research into selecting an SDR and looked into a variety of
hardware radios as well.
7.1: SDR Research and Radio Selection Process
For our SDR selection, we first had to determine what requirements it had to meet. After reviewing the
CubeSat standard as well as legacy documentation, our team determined the following:
●
●
●
●
●
●

The SDR had to be less than 90mm x 90mm in area
The SDR had to be no taller than 45 mm
The SDR had to work within the 433 MHz Band
The SDR had to support UHF/VHF communications
The SDR had to be compatible with our ground station software
The SDR had to support interfacing with our AVR boards and systems

As we conducted our research into an appropriate SDR, issues arose. Most SDRs did not meet the size
requirements for our satellite. Additionally, we found that most SDRs have very large power draws. Our
best SDR option was the Swift UTX radio, which had a 1.5 W power draw on idle mode and used a
minimum of 7.5 W when being operated. This is prohibitively expensive for the satellite’s power budget.
This resulted in a team decision to abandon incorporating an SDR for our design, so we had to look for a
solution elsewhere.
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7.2: RFM22B Wireless Transceiver
After concluding that a SDR was not technically feasible, the team considered the RFM22B Wireless
Transceiver Module. This radio has been flown before in Sonoma State’s T-LogoQube satellite [18]. In
researching the capabilities of the RFM22B, our team found the following:
●
●
●

The module is a 16mm x 16mm area
Data Transmission Rate ranges from 0.123 to 256 kilobits per second (kbps)
Frequency Ranges
○ 413-453 MHz (433 MHz Band)
○ 450-490 MHz (470 MHz Band)
○ 848-888 MHz (868 MHz Band)
○ 901-929 MHz (915 MHz Band)

Additionally, the team calculated several different power usages based on different operating modes
outlined in the RFM22B datasheet, as outline in Table 24 below.
Table 23: Power usage of RFM22B Transceiver during low, average, and high power modes
Voltages/Currents

18.5 mA

30 mA

85 mA

1.8 V (low)

0.0333 W

0.054 W

0.153 W

3.0 V (average)

0.0555 W

0.090 W

0.255 W

3.6 V (high)

0.0666 W

0.108 W

0.306 W

Overall, in comparison to the SDRs we had researched, the RFM22B was the best for our design. Despite
having limited band ranges for communication, the power draw and management is significantly better
suited to our satellite.
7.3: Payload Radio Settings and Packet Format
In order to ensure that the payload would be able to be used by a wide variety of HAM operators around
the world, a standardized packet format was selected for data packets sent to and from the SCUCube
payload. The AX.25 protocol was implemented, as it is a widely used standard for amateur packet radio
systems in the 437 MHz frequency band in which the payload will operate. The AX.25 standard defines a
link layer protocol allowing two different terminals to pass data back and forth with one another. This
format assumes that a number of data and physical layers may be used, so is a high level packet routing
protocol. AX.25 defines a standard frame to be sent by stations, which includes fields that allow for flow
control and the mediation of two way communication between stations [22].
Currently, the satellite’s payload supports the sending and receiving of Unnumbered Information (UI)
frames. This allows simple unnumbered data messages to be sent back and forth without the need of one
of the stations in use initiating and mediating the data transfer. The current software that handles the
AX.25 standard may be upgraded in the future in order to implement the full AX.25 standard, which
would allow more sophisticated frames to be sent back and forth automatically between the payload and
another HAM operator.
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Though AX.25 allows a variety of different physical links to be used, a specific implementation has been
chosen as a standard for the SCUCube satellite. The payload uses Asynchronous Frequency Shift Keying
(AFSK) radio transmissions for communications. The carrier frequency for the radio is 437.1 MHz, and
the radio signal has a frequency deviation of 10 kHz. In addition, the nominal baud rate for the radio is
9600. The table below summarizes the important communications link parameters.
Table 24: Payload radio parameters.
Parameter
Modulation Type
Carrier Frequency

Setting
AFSK
437.1 MHz

Frequency Deviation
Baud Rate
Packet Format

1 kHz
9600
Modified AX.25 UI Frames

Any amateur radio station that conforms to these specifications will be able to communicate with the
payload. An additional note is that the AX.25 packet has an additional preamble and start word. These are
required for the proper operation of the RFM22B radio. The full packet format is shown below in Table
26.
Table 25: Modified AX.25 format used for all payload radio transmissions. Max N is 107.
Preamble
1010*8 bits

Start Word
01111110

Flag
01111110

Address
112 bits

Control
8 bits

PID
8 bits

Info
N*8 bits

FCS
16 bits

Flag
01111110

All of the packet fields colored blue are part of the AX.25 protocol, and the fields colored red are
additional fields required because the RFM22B is being used. The Info field contains the data being
transmitted between two stations and has a variable field size. Due to data handling limitations on the
satellite, the maximum supported number of bytes in this field is 107.
7.4: Payload Software
Much of the functionality of the payload comes from software. The software needs to allow the
subsystem to conduct two main functions: receiving and transmitting AX.25 messages. The code allows
two different methods for transmitting messages. The subsystem can immediately transmit a message that
it receives as part of a command, or it can transmit a message that has been stored on the subsystem. For
the receiving functionality, the code is written so that any received AX.25 packet is stored in an
Electronically Erasable Programmable Read Only Memory (EEPROM) module. A set of functions are
available to get the current number of received packets that are stored on the subsystem, as well as
commands to get the storage addresses and finally to retrieve data stored between two addresses in the
EEPROM device. The figure on the following page depicts the different files that are used for the final
payload subsystem.
In order for this higher level functionality to work in the first place, though, code to interface the AVRSat board with the RFM22B was needed. This source code is called RFM22B.c. This code was adapted
from an existing driver for the RFM22B. An existing open source software suite called Radiohead
contains a driver for low level functionality of the RFM22B board. Unfortunately, this driver was written
for use with an Arduino microcontroller, so the code had to be modified in a number of ways in order for
it to work as an interface between the radio and the AVR-Sat boards, which are based on AtMega128
microprocessors. A modified interrupt sequence was written to work with the ATMega128
microcontroller. In addition, the original driver was translated from C++ to C to maintain consistency
with the AVRLib library that is being used with all of the AVR-Sat boards.
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An additional piece of code called startup_init_xmem.c was written to properly initialize the external
memory available before any other software is executed.

Eham.c
Payload_subsystem_
functions.c
ax25

RH_RF22.c

payloadDrivers.c

startup_init_xmem.c

Table 26: Software Hierarchy for the payload subsystem.

Once the modifications to the driver had been made, the payload could send raw messages back and forth
between two RFM22B radios. However, our payload was specified to use the AX.25 protocol, which was
described in section 7.3. Code was needed to allow for the construction and deconstruction of AX.25 data
messages. This source code is called ax25.c. An additional open source library was found that used the
original Radiohead driver in order to create and demodulate AX.25 packets [22]. The library was
originally created for a different satellite mission, called Swisscube. Though this code accomplished
much of the required functionally, it was again necessary to modify the driver to function properly with
the AVR-Sat boards because the code was originally written to work with Arduino microcontrollers.
Apart from a few syntax changes, the main modification to the code involved using dynamic memory
allocation in the functions that create and disassemble AX.25 packets. This was necessary since these
functions use several very large buffers in order to store temporary versions of the data message, and the
original code used stack memory allocation for these arrays. This had to be changed since there is a
limited amount of internal memory in the AtMega128, and stack allocation uses only internal memory to
avoid processing latency. So when the original code was tested, the software exhibited unexplainable
crashes and random jumps in which part of the program was being executed, which are symptoms that
memory allocated to the stack has overwritten other variables stored in RAM. Luckily, the AVR-Sat
modules have 32k bytes of external RAM available, which can be configured to be used for heap memory
allocation by modifying settings in the compiler used. Explicit allocation and deallocation of memory
using the standard malloc() function allowed the code to work as expected.
A piece of source code called payload_drivers.c contains functions required to initialize required I/O pins
for the payload to function properly. This code also contains several functions to read and write from
registers in the RFM22B radio, as well as functions to control the power state of the radio. Finally, code
to control whether or not the external power amplifier is used is implemented in this file.
Several modifications needed to be made to AVRLib code. Specifically, a function called spieeprom.c
and its accompanying header file needed to be finished to provide a library for reading from and writing
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to the SPI EEPROM that is used to store received messages and messages to be transmitted. Necessary
pauses were added to the code, as well as several functions to allow for burst reading and writing. Small
edits were made to spi.c to modify the speed of the SPI bus hardware. Due to the size of the library,
AVRLib is not included in the appendix, but a copy of the code is maintained in a subversion server and
is available upon request.
The main piece of software for the payload is called eham_beacon.c, and allows a set list of commands to
be executed by the subsystem. The code implements the Emerald Data Protocol (EDP), which allows the
subsystem to be commanded by other AVR-Sat boards. In addition, one may execute commands through
a debug serial port on the AVR-Sat board, which allows any computer running serial terminal software to
control the subsystem. The current suite of commands allows users to retrieve packets stored in the
payload as well as send packets out instantaneously and periodically among numerous other functions.
Finally, the payload software was integrated with existing software to control the beacon radio aboard the
spacecraft, so this software also has the ability to send a beacon packet through the beacon radio. The
figure below shows a flowchart of the basic logic that is implemented in the software. The main loop of
the software handles the execution of tasks as well as any serial input, and an interrupt service routine
(ISR) is implemented for both Emerald Data Protocol (EDP) communications as well as for the RFM22B
radio.

Figure 72: Simplified flowchart for the beacon payload software

7.5: Payload Hardware
In order to use the RFM22B radio, several pieces of circuitry needed to be designed and tested. Since the
radio uses 3.3V logic levels, and since the AVR-Sat board that controls the radio uses 5V logic, logic
level conversion circuitry was implemented so that safe voltage levels would be seen by the RFM22B. In
addition, a 3.3V regulator was added to the circuitry to supply power to the radio. In order to be able to
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store a large amount of messages, a 512 kilobyte EEPROM chip was added to the circuitry as well. The
STElectronics M95512-W was selected for this purpose. Both the RFM22B and the EEPROM chip were
connected to the AVR-Sat board through a Serial Peripheral Interface (SPI) bus. All of the
aforementioned circuitry has been implemented on a breadboard for testing purposes and functions as
expected.
Since the RFM22B radio has a max power output of 20 dBm (.1 W), an amplifier needed to be added to
the circuit. This amplifier ensures that the signal to noise ratio is sufficiently high when a data rate of
9600 bits per second is used. Since the RFM22B is a half-duplex radio, it uses the same antenna for
receiving and transmitting radio waves. Therefore, Radio Frequency (RF) switching circuitry was also
needed in order to implement the transmission amplifier since it is necessary for the amplifier to be out of
the circuit in order for the radio to receive a signal. The figure below shows a basic block diagram of the
switching and amplification circuitry. When the radio is set to receive, the RF Line will be in the circuit,
so the amplifier will not affect the received signal. When the radio is set to transmit, the TX line will be in
the circuit, so the signal from the RFM22B will be amplified before it is transmitted by the antenna. Not
pictured are the signals from the AVR-Sat board that controls the state of the switches.

Figure 73: Simplified block diagram of the RF switching and amplification circuitry.

Though a few switches were tested, the Analog Devices HMC544AE was used in the final design due to
its small footprint and its high 1dB compression point of 39 dBm. This is the amount of input power
required such that the output signal is attenuated by 1 dB. Because this chip requires two voltage signals
to control the switch’s state (one high, one low), a Texas Instruments SN74LVC2G04DBVR inverter is
used to invert the control signal from the AVR-Sat microcontroller.
For the amplifier, the Avago ABA-53563 was initially selected since it’s the same amplifier that is used in
the beacon circuit, but this amplifier has a low 1 dB compression point and was not operating as expected
when testing, so other amplifiers were considered. The RFMD RFPA3800 was selected since this
amplifier has a very high 1dB compression point. A tuning circuit from the datasheet was implemented in
order to tune the circuit to the 433 MHz band. When this tuning circuit is used, the amplifier has a
nominal gain of 18 dB. Therefore, the payload radio has a designed effective power of 38 dBm, which is
more than enough power to meet link margin requirements.
In order to properly test the amplifier and switching circuitry, a breadboard couldn’t be used due to
parasitic capacitance that breadboards introduce into circuits operating at radio frequencies. In order to
prototype this circuitry, custom circuit boards were designed, fabricated, and assembled for both the
amplifier and the switch. These boards have input and output SMA ports, which allows them to be easily
troubleshooted with standard radio equipment. When these circuit boards were tested, both the amplifier
and switches had significantly more consistent performance compared to the initial breadboard versions
of the circuit. Figure xx on the following page shows the implemented switching and amplification
circuitry that was used to validate and test the design.
In order to satisfy the payload signal strength requirement S1.5-2 ( link margin of 6dB at 45 degrees
elevation), the payload radio needs to have an effective radio power of 24.77 dBm. A spectrum analyzer
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was used to test the amount of power in the radio signals after the amplification and switching circuitry.
The results from this testing are shown below in Table 28.

Figure 74: Prototype evaluation boards for the switching and amplification circuitry. Switch board is on the left,
amplifier board is on the right
Table 27: Testing results for the amplification and switching circuitry
Test Case
Control
Amplifier
Switch, port 1 to port C
Switch, port 2 to port C
Switch, port C to port 1
Switch, port C to port 1
Both Switches and Amplifier,
amplifier inactive
Both Switches and Amplifier,
amplifier active

Average Value
(dBm)
15.57
27.92
15.06
15.09
15.07
15.10

Standard Deviation
(dBm)
0.1927
0.1447
0.0997
0.1056
0.1306
0.0495

Effective Gain
(dB)
0
12.36
-0.5036
-0.4766
-0.4948
-0.4660

13.69

0.0392

-1.872

25.85

0.0701

10.28

The spectrum analyzer testing resulted in several unexpected findings. First, the maximum power of the
RFM22B should be 20 dBm according to the datasheet, but the maximum value obtained through testing
was 15.57 dBm. It’s unclear why the radio does not output a stronger signal. Additionally, the datasheet
for the amplifier states that it typically produces 18 dB of gain, but amount of gain found in testing was
12.36 dBm. One source for this loss is that the prototyped circuit does not have controlled impedance
transmission lines to carry the radio signal, which could introduce losses into the system. In addition, the
implemented matching circuit used for the amplifier was designed for radio signals at 460 MHz, so there
may be losses since the circuit is being operated at 437.1 MHz.
This shows clearly that the amplification and switching circuitry results in a total of 10.28 dB of gain,
which means that the radio has a total power of 25.85 dBm. In addition, the switches only add -1.872 dB
of attenuation when the amplifier is out of the circuit. This means that the receiving functionality of the
radio is not adversely affected by the RF switches used since the RFM22B has a low receive sensitivity of
-118 dBm. Therefore, the circuitry for the switching and amplification has been validated and performs as
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expected.
A printed circuit board was designed that contains logic level conversion circuitry, voltage regulators, the
EEPROM storage module, the RFM22B radio, and the amplification and switching circuitry. The circuit
board also has pin headers so that a wiring harness may be attached from the payload/beacon AVR-Sat.
Finally, this board has an SMA connector output, which allows the board to be connected to one of the
whip antennae at the top of the satellite.
The circuit schematic for the payload board as well as gerber files for the current PCB design are included
in Appendix A, along with schematics and gerber files for the prototype amplifier and switch boards.
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Chapter 8: Distributed Command and Data Handling
In satellite systems, a command and data handling system (CDH) is responsible for monitoring the overall
health and status of a satellite. Because satellites operate in a hostile environment, beyond the reach of
the team, satellites must be able to react to different situations and adjust subsystems to ensure the
satellite maintains operability. Over the year, the team has reviewed code and documentation from legacy
projects, and modified programs to meet SCUCube’s goals. Initial flashing and testing of AVR boards
was conducted, to gain familiarity with the system. This work has helped shape our goals and plans for
the project for the next two quarters.
8.1: Overview
In our satellite, AVR boards are embedded devices that contain the software that controls and operates the
system. These boards use an Atmel Mega 128 microcontroller and contain circuitry for several peripheral
devices as well as circuitry to monitor the power state of the board. Using AVR Studio 7, the latest
version of software that interacts with AVR boards, our team could flash legacy code onto a new AVR
Board, and then verify the program. Connecting the port to a computer, and using TeraTerm, an open
source command line interface, we can capture this output. Our team also focused on programs that
would allow communication between multiple AVR boards. This involved different protocols, such as
Inter-Integrated Circuit (I2C) and Emerald Data Protocol (EDP). With I2C, the AVR boards can pass off
information between each other, including commands sent from the ground while the satellite is in space.
EDP was developed by a previous team to relay commands on top of I2C.
Early on in design, our team had to make an architectural decision concerning our board layout. Previous
satellite designs were able to have a dedicated board per software program, but this was not possible for
our design. Due to limited space within the satellite, SCUCUBE only had room for four AVR boards.
This means that we had to choose which boards would house which subsystems and their functionality.
Because EDP relies on interrupts and exceptions via handlers, it was decided that our communications
system would be given a dedicated board. The boards were also limited in memory size. Therefore, we
were unable to incorporate all functions of data handling onto one board. Therefore, our team made the
following board layout choice, as seen in Figure 75 below.

Figure 75: Computing Architectural overview of SCUCube
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Our satellite is designed to use a bus computing architecture, and a conceptual model is shown in the
figure above. Our satellite uses four computing boards, each loaded with different software functionality,
to communicate back and forth by using two shared busses, one for power and one for data. For our
Beacon and Payload Radio, they are directly connected to one of the computing boards. A bus
architecture was chosen for three main reasons:
• Simplified Subsystem Wiring
• Standardized Board Interfaces
• Fault Tolerance
Since our satellite has limited interior space, our design had to ensure we used only essential components.
By using a wiring configuration that was simple and easy to incorporate with our boards, our design could
rely on I2C protocol for our data bus, and not rely on multiple proprietary protocols depending on the
cabling. With a standardized interface for our computing boards, our team did not have to rely on the use
of external connectors or serial gender-changers, which would force an unnecessary accommodation from
our design. Finally, because all of our data and power is shared between the four boards, with no critical
junction that they must pass through, the event of a single board failure does not jeopardize the satellite.
The flow of power and data is not disrupted, and the satellite can recover from a board failure, thereby
introducing fault tolerance for our satellite.
For our CDH, because of the board limitations, all three of its components (Dallas Master, Expert,
Scheduler) could not fit onto a single board without issues of memory overwrite and data corruption.
Therefore, it was decided to pair Dallas Master and Expert System, consolidating most of our logic and
functioning capability into a single board, while the Scheduler was configured onto a board with the ACS.
Therefore, our four AVR boards hold the following programs:
•
•
•
•

Dallas Master and Expert System
Scheduler and Attitude Control System (ACS)
Payload Radio and Beacon
Communications Radio
The final FLATSAT configuration for our satellite can be seen in Figure 76 below.

Figure 76: Bench layout for SCUCube Flat Sat
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8.2: System Functions
The command and data handling system will be responsible for performing several necessary functions
for the proper functionality of the satellite. These include receiving and executing commands based on
rules set by the ground team, scheduling of tasks, and subsystem monitoring for the satellite. All three of
these systems work together to ensure that the CDH system for the satellite is operational.
The Expert System handles the interpretation of command data received by the communications
subsystem. Commands sent to the satellite need to be processed on board and routed to individual
subsystems to be executed. This system also handles the logic and rules for how the commands are
executed. The Expert System rules are based on conditional statements, with parameters for the next
rules to execute, the variables to compare, as well as the task itself to execute associated with this rule.
Figure y shows the flowchart for how the Expert system operates.

Figure 77: Expert System Flowchart
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In addition to processing and handling command data, the CDH system can schedule times throughout the
day for the satellite to be in different operational modes through the Scheduler. This is necessary since the
different operational modes have very different power consumptions. Therefore, it is only possible to use
power hungry modes during several times of the day. The Scheduler is responsible for keeping track of
which mode should currently be active. Then, the subsystem will control which subsystems are turned on
and communicate with the subsystems to ensure that the subsystem in question is in the correct mode and
is performing the intended function. For instance, during the payload downlink mode, the payload
subsystem will be turned on and activated. During this mode, the attitude control system will be turned
off to conserve power. Figure 78 below shows a more detailed flow chart for the Scheduler system.

Figure 78: Scheduler System Flowchart
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The CDH system also monitors subsystems connected to it on the Dallas 1-Wire bus and cycle power to
these subsystems as needed to maintain a nominal state of health on the satellite. This is handled by the
Dallas Master System. Due to a failure in a single subsystem AVR, it’s possible that the subsystem will
pull down the bus and stop other subsystems from being able to use the bus. To fix this situation, the
command and data handling subsystem will monitor the data bus and determine if this case occurs. Upon
occurrence, the subsystem will use the Dallas 1-Wire bus to turn power off and back on to each of the
other AVR boards. This functionality should free up the I2C bus so that it is able to be used nominally.
The Dallas Master is also responsible for collection of telemetry data for the Beacon Radio. The system
gathers data from all four computing boards, and sends it as a packaged message to the Beacon board for
it to transmit via the Payload Radio. The figure below shows the flowchart process for the Dallas Master
System. It is important to note that although Dallas Master and Expert will be on the same board, the two
programs will still interact and process requests from each other as depicted.

Figure 79: Dallas Master System Flowchart
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Chapter 9: System Integration and Testing
9.1: System Integration
An integration strategy was adopted across all of the different subsystems to ensure proper functionality
of the entire satellite system. Individual subsystems were tested before being integrated with other
subsystems into the final system. This method was employed to ensure that each subsystem was able to
consistently meet all of its requirements before the integration process was started. Additionally, this
process allowed most subsystems to be developed independently, which sped up the development and
testing process for the satellite as a whole.
The satellite is currently configured as a flatsat. This configuration has all of the subsystems connected
and wired as they will be on the final satellite configuration, but all of the electronics are mounted on
sheets of acrylic. Currently, the attitude control system and payload have auxiliary circuitry in the form of
breadboard circuits to allow for easy troubleshooting of circuitry. As part of the integration process, the
functionality of all the various subsystems has been tested to ensure proper functionality of the system.
This has allowed the team to fix many issues which would otherwise have been difficult and expensive to
fix in the final flight configuration.
A plan for the integration of all the subsystems into the satellite has also been generated. First, the outer
structure will be assembled with two perpendicular walls missing in order to allow insertion of all internal
components. Next, all of the components at the top of the satellite, including the boom and deployment
mechanism, the attitude control system board, the whip antennae, and the first of two thermopile sensors
will be mechanically attached. Then, the internal mounting bracket, with all the subsystems it houses
installed. will be installed near the center of the satellite. After this, the three AVR-Sat boards will be
installed near the other end of the satellite, along with the patch antenna and other thermopile sensor.
Once all major components are installed, final wiring connections will be made. This includes connecting
the solar panels to the Electronic Power System, connecting the thermopile sensors to the attitude control
system board, and connecting wiring harnesses for both the attitude control and the payload subsystems.
Once all of the proper connections have been made, testing will be conducted beginning with the
electronic power system to ensure that the satellite functions as expected when in flight configuration.
9.2: Testing in Flight Configuration
With satellite systems, testing is an absolutely crucial part of integrating different subsystems together. A
space system must be rigorously tested on Earth before the system may be qualified for flight because
there is only one chance to get things right with such a system. Due to the large risk presented by
component failure and unexpected behavior of subsystems, a few final tests have been planned in order to
verify the flight-readiness of the SCUCube system. These tests have been conceived in the hope of
simulating the satellites journey from ground to operation. This includes simulating the launch
environment, powering on of the satellite, activation of the attitude control system, and operational
communications with the satellite and use of its payload radio. Completion of the tests described in this
thesis is a major step towards the development of a flight ready product.
9.2.1: Integrated Vibration and Shock Testing
Before evaluating the health and function of the satellite systems, the vibration and shock testing
described earlier in this thesis should be repeated with actual hardware components and wiring installed.
This testing acts to simulate launch loading and transient events and will help to ensure not only that the
satellite retains its integrity structurally, but also that wiring connections, harnesses, and soldering points
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remain valid, and also that electronic hardware components themselves remain fully functioning after a
simulated launch environment. The same tests and procedures as described earlier in this thesis, at Planet
Labs qualification levels should be used. Though the first round of vibration testing verified adherence to
standards from a dynamics perspective, this second round of testing is absolutely necessary to evaluate
real world functionality of the satellite and its subsystems
9.2.2: Power Up Verification
After completing simulation of launch loading with the satellite in flight configuration, the power-on
sequence should be evaluated by running through the processes of removing inhibiting devices from the
electronic power system (EPS) circuitry. The remove before flight pin will be removed and the button
housed in the end of one of the rails will be allowed to depress. This simulates the satellite being
successfully deployed from the deployer and should allow the solar panels to begin powering the
electronic power system and charging the battery. In addition, systems should turn on after the specified
wait time of approximately one hour. This acts as a test of the solar panels, wiring between the panels and
the EPS, wiring between the inhibit devices and the EPS, and the EPS integrated timing circuit. In order
to provide power to the solar panels during testing the satellite should be placed under a high intensity
lamp.
9.2.3: Boom Deployment and Attitude Control Circuitry Testing
After the satellite has successfully powered on and power is being supplied to the individual boards, the
attitude control system (ACS) circuity and code will be tested by simulating that the satellite is oriented in
the orientation in which we want the gravity gradient boom to deploy. By covering the thermopile on
boom end of the satellite, the thermopile should register that the correct end is pointing towards deep
space. The IMU sensor will sense that the satellite is not spinning and when the ACS logic registers these
two sets of data, the boom should be cued to deploy. This will supply current through the Nichrome wire
and cut the fishing line that locks the boom in place during launch. A deployment of the boom will
effectively verify the functionality of the attitude control system in its entirety.
9.2.4: Satellite Communications and Payload Functionality
The communications systems onboard the satellite will need to be heavily tested once all of the
subsystems are installed. It’s crucial to verify the proper functionality of the S-band microhard radio link
as it is the only way that the team will be able to command the satellite and obtain telemetry. Similarly,
the beacon needs to be tested to ensure that it will be usable as a simple indicator of the satellite’s health.
The payload needs to be tested to ensure that the satellite will be able to assist with communications
during disaster scenarios.
Because these communications systems are so critical to the proper functionality of the satellite, a number
of tests will be performed to ensure that the satellite will be able to communicate with operators and with
end users while it is on orbit. The effective radio power will be measured for all three radios onboard the
spacecraft to ensure that each radio has enough link margin for communication from space.
In addition to verifying that the satellite will have enough transmission power for communication, testing
will be done to ensure that the satellite is able to properly handle all of its supported commands. Every
command will be sent to the satellite via the Microhard radio, and each subsystem will be monitored
through a serial port connection. This will allow the team to verify that each command has the desired
effect on the subsystem in question. In addition, this testing will be conducted with Santa Clara
University’s Mission Operations Center, which will verify that its ground systems will be able to control
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the satellite when it is on orbit. This testing is currently in progress with the flatsat configuration.
The beacon and payload radios will be tested to ensure that their transmissions conform to the AX.25
protocol are able to be decoded with a standard TNC device connected to an amateur radio. Packets will
be transmitted by the satellite, and radio equipment in the Mission Operations center will be used to
decode the packets. The decoded packet will be compared to the message sent by the satellite to ensure
that the message was transmitted, received, and decoded properly. This testing has already been
successfully conducted with the flatsat configuration for the beacon radio. The testing still needs to be
conducted for the payload radio. For the payload testing, a TNC that is able to decode FSK packets at
9600 baud rate will need to be used.
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Chapter 10: Costing Analysis and Engineering Constraints
10.1: Costing Analysis
Throughout the fabrication of our functional prototype by the end of the year, we expect that our
prototype costs will run close to or below our budget. For example, we budgeted $750 for the cost of our
structure. Currently, we have only spent around $100 for the structure. The majority of our costs have
been for the EPS and COM/CDH. Below is a comparison of our budget estimate and what has been spent
on the satellite to this point. The future work of the satellite will push our actual costs up, but the total
cost will likely not exceed the initial $5000 budget.
Table 28: Total projected and actual costs
Subsystem

Projected Cost

Actual Cost

Structure
Thermal
Attitude Determination and Control
Payload
Communications and Data Handling
Electronic Power System
Misc.
Total

$750
$190
$910
$290
$1540
$1170
$150
$5000

$98
$0
$145
$345
$693
$1846
$83
$3209

Our initial prototype will likely cost more than if our design were to be produced in the future. During the
production of our prototype, we expect that we will have to make small design changes which will raise
the cost. Other components that we have identified for our satellite will also become cheaper if purchased
in bulk if our satellite design was used to create a constellation of HAM radio disaster relief satellites
around the globe.
Our budget does not consider extensive testing costs necessary to prove our satellite is flight ready as well
as the launch costs themselves. We hope to partner with an outside company who will provide
environmental testing facilities for us to use. We will need to perform vibration, shock, and thermal
testing before the satellite is launched. In addition, finding a company organization willing to fund our
launch will be critical in keeping our satellite low cost. This launch funding may come in the form of a
launch provider offering us a free launch due to excess payload capacity on one of their launches, or an
organization such as NASA may offer to launch our satellite if we allow them to implement some small
experimental payload on board in the extra space inside the structure of the satellite.
10.2: Engineering Standards and Realistic Constraints
Some realistic constraints exist for this project that will serve to define the ways in which we approach the
project. The first of these is manufacturability, which drives not only the current work for this project, but
also the success of an extended mission for this type of satellite. From a current work standpoint,
manufacturability must be designed for in order to ensure that the project can be completed within the
projected timeline. If parts are too complex to machine or assemble, it may take multiple iterations, or at
least increased shop time, to complete the construction of the satellite. From a future work perspective, if
these is to be the possibility of networking multiple of these satellites around the Earth, manufacturability,
and thus reproducibility, must be considered. The design should be easily reproducible, allowing for
timely deployment of a network of satellites similar to the one being constructed for this project.
Although labor costs are not an issue for this project; in a more industrial setting, labor time represents a
huge cost. Thus man-hours required to make the satellite must be limited.
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In addition to manufacturability, environmental constraints must be considered. With regards to the
satellite, environmental considerations usually involve ensuring that the satellite does not contribute to
space debris. The environment of space imposes certain regulations involving the creation of space debris,
and our satellite must conform to these. All components must remain contained by and attached to the
satellite. Small contributions to space debris have lasting impacts on the orbital environment. As far as
Earth-based considerations go, the satellite will burn up on reentry and won’t need to be retrieved. This
simplifies the lasting environmental considerations for the satellite.
From an economic standpoint, one of the major goals for this project is to provide a low cost alternative to
CubeSat platforms that are on the market today. This makes budget management a key consideration for
the project. If a goal is to be able to mass-produce satellites like this one on a low-cost basis, a clear
budget, and the constraints it imposes upon the project, must be take into consideration. Although the
current projections for overall cost put this project well below the price range of commercial CubeSats,
future labor costs must also be estimated for. The satellite must be able to be reproduced for a low cost in
order to ensure that future missions involving a network of satellites are economically feasible.
Ethical considerations for the satellite derive mainly from the usefulness and effectiveness of the
communications system. This means that if the project claims that satellite communications are reliable
for use in disaster relief situations then the communications systems cannot fail if a disaster occurs. If
people are relying upon the satellite for communication and it fails, then they are left to struggle to try to
find other means of communication and organizing. These efforts are critical to disaster relief response,
and thus there are huge ethical implications regarding the quality of the satellite communications systems.
The mission statement for the satellite is to provide a social benefit (communications for disaster relief)
and thus achieving this goal is the major driver behind the design of the satellite. It has driven our
requirement for a gravity gradient boom to orient the satellite and the design of the payload for the
satellite, including frequency ranges, data rates, and power consumption. In order to fulfill the mission
statement for this project, a social benefit in the form of disaster relief communications. Thus,
consideration of the social impact of our satellite is critical to the success of the design, and the success of
the mission.
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Chapter 11: Future Work
Although a great deal of progress was made on this project this year, more work will need to be
completed in order to complete the satellite and integrate it with a mobile ground station. The current
version of SCUCube will function properly as a single satellite communication system once the satellite is
on orbit. However, the satellite will only be overhead a given area a few times a day due to the low earth
orbit of the satellite. The amount of overhead coverage could be improved if there were a constellation of
SCUCube satellites in orbit that each contained communications systems. A future design project could
focus on upgrading the existing satellite architecture to develop a more robust communications system in
which different satellites could cross-link messages to one another. If this were to be implemented, the
satellite constellation would be able to cover a much larger area. In addition, this could allow messages to
be passed back and forth much more quickly by bouncing messages between ground users with multiple
satellites on orbit. The work completed on the current version of SCUCube lays the ground work for a
future team to upgrade the satellite’s design and design a constellation based communication system.
11.1: Structure
Future work for the development of the SCUCube structural components includes steps towards further
validation, and evaluation of design revisions adapted as a result of vibration and shock testing, polishing
of structural rails, and procurement of materials to make assembly and integration more manageable.
During vibration testing the SCUCube team did not have the time to perform a sine sweep test on the
outer structure of the satellite alone. This test is useful as a part of the future work for the project in order
to validate the finite element analysis conducted on the outer structure. It is expected that natural
frequency value found in testing of the outer structure may be somewhat lower than that predicted in
analysis because the TestPOD itself is not completely rigid itself and is only bolted to the shaker table on
one side at a time. This allows some degree of displacement in the top two rail corners, unlike in the finite
element analysis where all corners were assumed to be fixed. This final sine sweep test should be
conducted again with the assistance of Moog CSA and Planet Labs, and they have agreed to help conduct
the test once again. Beyond validation of analysis, time should be dedicated to testing the integrity of the
aluminum internal mounting bracket structure when bonded together with the newly selected,
Masterbond, epoxy. A drop test should be conducted in order to simulate shock loads that caused to
initial, Conductivex, epoxy to fail during shock testing. Before testing, all manufacturer recommended
application instructions should be followed to ensure proper bonding and optimum epoxy performance. It
is expected that the flexibility of the new epoxy should stand up well to shock and vibration loading
where the original, more brittle epoxy did not. Before use in a flight-ready version of the SCUCube
project, the structural rails should be polished in order to achieve the surface roughness specification as
set forth in the Cubesat Standard. Finally, mounting of the three AVR boards near the top of the satellite
should be finalized. This task includes finalizing spacing of these boards and purchasing appropriate
threaded spacers, standoffs, and screws in order to achieve the desired spacing.
11.1.1: Internal Mounting Bracket
Future work for the aluminum internal mounting bracket will likely be a structural redesign in order to
keep the current functionality and component layout while eliminating the structural epoxy. As was
clearly seen during the vibration testing, epoxy is far from the best method for affixing the various bracket
pieces together. The original design for the bracket included tapped holes into the edges of the three
planes of the bracket, allowing the end pieces to be screwed on instead of glued. However, concerns were
raised during the machining process that those tapped holes would be extremely difficult to create without
breaking one (or more) taps. If a tap were to break off while the threads were being cut, it would be
almost impossible to remove, rendering that piece of material useless and wasting a significant amount of
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time and money. Additionally, the strength of such small machine screws was doubted. For these reasons
the epoxy was chosen since it was cheap and would not damage the bracket pieces. Now that the pieces
are separated, it can be easily chipped or sanded off and a different method can be attempted.
Pending some kind of structural analysis on the strength of #0 machine screws, that method is still an
option with the existing bracket pieces. If the machine shop on campus is not adequate, drilling and
tapping the #0 holes is a job that the next team could easily get done professionally at a reasonable cost.
Alternatively, a series of simple right-angle brackets could be used to hold the internal mounting bracket
pieces together. This was considered, but space constraints would have required the components to be
shifted around to make room for the right-angle brackets, or such small hardware would have to have
been used that the same issue with the small taps again becomes an issue. The final decision on which
method is best will be up to the next team to determine, but it is clear that a mechanical connection is far
superior to the chemical epoxy bond. A metal-to-metal contact would also eliminate any thermal
conduction issues potentially caused by the glue.
Another issue with the current design of the internal mounting bracket is the wire routing options. The
square hole on the upper end of the bracket was initially intended to allow wires leading to the boom
deployment mechanism, whip antennas, and attitude control board to pass through the bracket and into
the AVR boards at the opposite end of the satellite. Unfortunately, in order to fit the AVR board into the
mounting bracket and leave enough room for the connectors, the battery was moved from the middle
plane of the bracket onto the end piece, effectively covering most of the hole for the wires to pass
through. There is still a small amount of space around the battery, likely enough for the wires, but it
would be a tight fit. It seems as though these components could be moved around, but there was simply
not time for the redesign at this stage. Furthermore, the current plan was to run the solar panel leads
through this wire routing hole and solder them directly to the Electronic Power System board. These
wires would need to be disconnected in order to remove the bracket with all of its components, which
essentially defeats the purpose of designing a modular mounting bracket that could be removed easily in
one piece. To remedy this, the wire mounting hole could have a simple slot to allow the wires to exit the
bracket easily.
11.2: Attitude Control System
For the ACS, some of the future work to be done it thoroughly test the ACS board with the AVRs,
thermopiles and gravity gradient boom to ensure that the boom is being deployed when we want to. Also,
the IMU will need to be calibrated so the data collected is usable. While the ACS board prototype has the
components soldered on, for flight, different components may be needed to fit a certain size as well as
prevent problems from vibrations of the satellite.
11.2.1: Boom Deployment Mechanism
Though the boom deployment mechanism is functional as-is, it is still fairly unreliable. The testing
mentioned earlier appears very successful and lends itself to almost 100% reliability. However, these tests
were under ideal conditions (pre-launch vibration, room temperature, no endmass connected) and likely
do not adequately represent a realistic deployment scenario. Furthermore, the tests were performed by the
inventor of the device, who had many hours of experience with the device and knew exactly how to set it
up for a successful deployment. This may not be the case for the final loading of the satellite, so it needs
to be set up to work every time, no matter the conditions or operator.
Regarding environmental conditions, the only way to truly know how the Nichrome/fishing line
combination will behave on-orbit is to test the deployment in space-like conditions in a thermal vacuum
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chamber. Due to the lack of air and potential temperature fluctuations, there is a concern that the
Nichrome will not produce enough heat, produce too much heat, or the fishing line will not behave as it
did in a 1G, full atmosphere, room temperature environment. Low cost options for such testing such as
desktop-sized vacuum chambers were briefly explored, but the mechanism itself did not make enough
progress for that to become relevant during this year. There is also a thermal chamber in SCU’s
possession that was created as part of a past senior design project that may be available for use, but the
accuracy of the temperature control and overall functionality of the device was doubted and our team did
not have time to attempt to make it operational. Alternatively, the working relationship with Moog/CSA
could potentially be further leveraged to get this testing completed at their facilities. Thermal testing will
be a required part of qualifying the satellite for flight anyway, so testing the boom deployment during this
phase would be recommended.
The only design changes to the boom deployment mechanism would involve friction reduction. Once the
tape measure begins to deploy, the momentum will carry it to full deployment without fail. The only
problematic area is the beginning of deployment, before the endmass has begun to move. This is when
there is the most friction, as the most tape is wound inside the casing and it is pressed up against the
bearings the most during this time. The current design of the mechanism pieces requires 3D printing as
the method of manufacture, but a redesign with traditional machining in mind would make it possible to
make the device out of aluminum, which would significantly reduce the sliding friction between pieces as
compared to the current ABS construction. A more drastic redesign could make use of more ball bearings,
allowing the inner hub to roll on a more traditional roller bearing setup, similar to a bicycle hub, instead
of the pieces rubbing directly on each other as they do now.
Another aspect of the mechanism that was planned to be completed but never tackled is some kind of
brake on the boom deployment. Currently, by the time the boom is at full extension, the endmass is
moving quite quickly, which imparts a significant shock onto the rest of the satellite when it locks in
place. This does not seem to explicitly be an issue, but a slower stop would be a safer technique. A few
methods were experimented with, such as placing a spring under the nut on the center bolt, which would
progressively add tension as the boom deployed, ideally slowing it to a stop just before the tape ran out.
Unfortunately this just caused the spring to bind on the nut and the inside of the inner hub, so this was
abandoned. Another method of placing a damped roller on the tape was also attempted, but this added too
much friction at the beginning of the deployment, not allowing the tape to begin moving at all. Something
as simple as a rubber stopper at the end of the nut travel could be effective, but due to time constraints this
aspect of the design was abandoned as it is not a pressing issue of functionality.
11.3: Electronic Power System
For the Electronic Power System to be flight ready, future project teams at Santa Clara University will
have to complete a rigorous testing of the solar panels, inhibiting system, battery charging circuitry, and
voltage regulating circuitry. The SCUCube team completed and assembled and finalized design, but the
design must go through testing to certify it will work consistently once final assembly is completed.
Solar panel testing was not completed due to a lack of functioning solar cells. The cells available to the
SCUCube team were old and had been improperly stored in a high humidity climate. This resulted in a
very lower power output from the cells, and although the functionality of the solar panel circuit board
passed initial functionality tests, full testing could not be completed at this low power state. Once the
proper solar cells are acquired and solar panels are assembled, they should be tested to find the variety of
power outputs depending on the intensity of light seen by the panels. Additionally, the solar panels should
be tested with the protection diodes to ensure they will only charge the battery and provide power to other
subsystems when the output voltage is higher than the battery voltage. This testing should be done
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including the battery charging circuitry and the actual battery voltage as the voltage reference to compare
against.
The inhibiting system must be tested to ensure several factors are consistent, mainly that the actual
inhibiting time is within the tolerances specified by the resistor and capacitor values chosen to use with
the 555-timer. This testing should be done independent of the turn-key and push-button to ensure that any
irregularities are solely the product of the 555-timing circuitry. This work must take place on the actual
printed circuit board and not a breadboard to ensure that the printed circuit board design is working
properly. Once it has been determined that the timing circuitry operates as expected the turn-key and
push-button inhibiting system must be tested as they would work when being loaded into a satellite
deployer. To do this the push-button should be compressed and held in place, and the turn-key should
then be turned and removed. Wait a period greater than the tolerance of the 555-timer before
decompressing the push-button. This is to ensure that any issues with the push-button are obvious and not
confused with the timing tolerance. Once the push-button is decompressed a timer should be started and
the output voltage from the regulators should be monitored and once they measure 5-V and 12-V the time
must be recorded. If this time does not correspond to the 555-timing tolerances the triggering of the push
button should be tested on its own again to ensure it is being triggered as expected by the deployment
unit.
The battery charging protection circuitry must be tested as well. The current being provided to the battery
should be measured when the battery at full charge. If the overcharge protection circuitry is working as
expected this current should be very low. The current coming from the battery should be measured when
the battery is at a very low charge. If the over-discharge protection circuitry is working as expected the
current should be very low. If either of these currents are not as expected the battery should be replaced
and another battery should be tested to determine if is an issue with the battery or the charging circuitry.
Once all this testing has been completed the regulating circuitry must be tested. This test is to check the
output of the regulators for different supply voltages. First, test at 10-V, or approximately the maximum
output voltage of a single solar panel. Then, test at 7-V, or approximately the output voltage of the
battery. Next, test with partially illuminated solar panels to simulate partial solar power with a discharged
battery. Finally test with a mostly discharged battery and no solar panels to test regulation during an
eclipse with a discharged battery. These regulated values should be recorded and reviewed to ensure that
at no point will they function in some unknown manner.
If the Electronic Power System does not pass one of these tests, that subsystem must be reviewed and
possible re-designed. Once the Electronic Power System has passed all of the tests it may be considered
flight ready with respect to the design and functionality of the system, and parts may be sent to certified
technicians for flight quality assembly.
11.4: Computing
Building off from this year, our team gained invaluable experience with satellite systems development.
Based from our current work, there are a current number of areas for future work and development with
the Satellite’s CDH Subsystem. The major opportunity for future teams lies in creating a user-friendly
graphical user interface (GUI) for satellite teams to operate with. This interface could be scalable, robust,
and customizable to adjust to additional commands that future teams deem necessary. While our system
is currently on our FLAT SAT configuration, the system will need to be verified and tested on prototype,
and later flight-launch boards, all rated and tested for spaceflight.
With regards to the HAM radio, Beacon radio, and S-Band radio, these systems will need to be tested
with realistic line lengths and flight antennas to determine that the radios will still have a positive link
margin to provide good communications between a ground station and the satellite. Using a spectrum

104

analyzer when the satellite is assembled, we will be able to determine the transmitted RF power coming
from each of our radios.
11.5: Payload Communications System
There is a good deal of future work for the payload of the satellite. The design team did not have time to
perform a full test of the final payload circuit board. Although a prototype version of all of the payload
circuitry functions as intended, testing will need to be performed to ensure that the final assembled
payload board functions properly. In addition, the circuit board should be analyzed by an engineer
experienced with radio frequency circuit board design. In radio circuits, it’s desirable for all transmission
lines to have characteristic impedance that matches some standard value, usually 50 ohms. Due to time
limitations, microstrip transmission line analysis was not possible, so a width of 0.04” was selected for all
transmission lines as a placeholder. This design choice will likely have a detrimental effect on the amount
of transmission power that the payload radio may effectively deliver, but the current design should
function as a proof of concept.
In addition, a standard connector type between the payload board and the AVR-Sat board needs to be
developed. The current payload board uses simple pin headers as a connecting interface, which allows
jumper wires to connect directly from the AVR board to the payload. However, a proper wiring harness
needs to be developed in the future.
There remains a good deal of work for the payload software. The current implementation of the software
supports transmission and reception of AX.25 Unnumbered Information frames, which is suitable for
simple sending and receiving applications. However, the payload could be more useful if it supported full
AX.25 functionality. This would allow the satellite to use much more sophisticated communications
architectures, such as a bulletin board messaging system. In addition to upgrading the AX.25 protocol
software, the core software should be upgraded to support more of the basic communications. Pieces of
functionality like configurable forwarding to different ground stations and file handling should be
implemented to allow the payload to support as many use cases as possible. This will ensure that the
satellite will provide value to our end users.
Finally, a portable low power ground transceiver should be developed in the future. Though the payload
uses a standard packet radio protocol, it would be beneficial to develop a simple, user-friendly radio that
could interact with the satellite. If a low-cost version of such a radio could be developed, it could be sold
or disseminated to disaster relief organizations and NGOs. End users would have a simple and reliable
method to interact with SCUCube. This would allow users in different regions to pass information back
and forth via SCUCube’s payload, assuming that full AX.25 functionality is implemented in the software.
This could bring enormous benefit to disaster relief organizations as well as local governments in the
event of an emergency.
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Chapter 12: Summary
SCUCube has the potential to save lives by providing a communications link to disaster relief
organizations. The design team has successfully created a basic amateur radio payload that is able to send
and receive AX.25 messages, allowing the satellite to pass data back and forth with amateur radio
operators on Earth. In addition, a novel attitude control system has been developed. The combined gravity
gradient boom and reaction wheel approach employed on the satellite draws minimal power, thus
allowing the payload and other subsystems to be active for longer periods of time. The redesigned
satellite structure provides mounting locations for all necessary components as well as paths for wiring
harnesses to be routed. The augmented electronic power system includes power inhibition circuitry
required as part of the CubeSat standard, as well as newly added voltage and current sensing circuitry.
The current satellite software is able to support the majority of the satellite’s use cases, and legacy
software was successfully condensed into versions suitable for one board.
In summation, the design team has achieved the majority of the initial design objectives. The team was
able to demonstrate that individual subsystems on the satellite satisfy mission requirements. Though a
final assembled prototype satellite wasn’t created, all of the necessary components are now designed and
assembled. In addition, a function flat satellite configuration underwent significant testing, which gives
the team confidence that the final integrated satellite will function as expected.
The SCUCube team is grateful to have had the opportunity to work on such a technically challenging and
ambitious project. The team has learned an immeasurable amount about the inherent complexity of
satellite systems. Practical knowledge accumulated throughout the course of the year will be invaluable as
the team enters the workforce. The SCUCube team hopes that future satellite design engineers working in
the RSL have as positive an experience as we did.
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A.1: End mass Drawings
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A.2: Structure Drawings
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A.3: Internal Mounting Bracket
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A.4: UHF Antenna Mount
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A.5: Electronic Diagrams
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Amplifier Board Prototyping Circuit:
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Amplifier Board Prototyping Circuit:
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B: Sketches
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C: Product Design Specifications (Requirements Flow Down)
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D: Decision Matrices
D.1: Structural Material Selection
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D.2: On-Board Radio Selection
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E: Timeline
E.1: Design Stage
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E.2: Integration Stage

E.3: Testing Stage

F: Budget Spreadsheets

F.1: Power Budget
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F.2: Mass Budget

G: Detailed Calculations
Electronic Power System Simulations – These were performed in Satellite Tool Kit to determine the
amount of power generation that the satellite would see on orbit. The table shows the results of these
simulations:
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2/2/2017

2.414

0.595

Average
Power
During
Sunlight
4.058

3/20/2017

3.022

0.658

4.595

4.611

5/2/2017

2.783

0.642

4.333

4.611

6/20/2017

2.101

0.583

3.601

4.611

Date

Average
Power,
1 Day

Average
Intensity,
1 Day

Max
Power
During
Sunlight
4.611

8/5/2017

2.460

0.615

3.998

4.611

9/22/2017

2.955

0.641

4.611

4.611

11/6/2017

2.668

0.619

4.312

4.312

12/21/2017
Max
Average
Power
Min
Average
Power

2.086

0.583

3.579

3.579

2.086

3.022

Gravity Gradient Boom Simulations – These were performed in MATLAB to determine how the
deployment of the onboard boom would affect the orientation of the satellite in space. The following
MATLAB code is a differential equation that describes the dynamics of the satellite while on orbit and
subject to a gravity gradient torque.
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function [y] = orbital_sim_momentum_wheel_x_axis(t,x)
% This function defines the differential equations that govern the attitude
% of a spacecraft, as well as the change in Euler angles w.r.t. time.
%several constants are specified in the IC of the
% state variables are defined as the following:
% input

variable

% x(1)

wx

%

x component of angular velocity in SC
frame

% x(2)

wy

%

y component of angular velocity in SC
frame

% x(3)

wz

%

z component of angular velocity in SC
frame

% x(4)

angle_x

%

instantaneous rotation angle about the
x axis from orbital frame to SC frame

% x(5)

angle_y

%

instantaneous rotation angle about the
y axis from orbital frame to SC frame

% x(6)

angle_z

%

instantaneous rotation angle about the
z axis from orbital frame to SC frame

%NOTE: the angles defined above describe the spacecraft's attitude in space
%in relation to a set of fixed orbital axes X Y Z. The rotation sequence is
%as follows:
% 1

Rotation about X

angle_x

% 2

Rotation about Y

angle_y

% 3

Rotation about Z

angle_z

%
%moments of inertia about principle axes.
% x(7)

Ixx

% x(8)

Iyy

% x(9)

Izz

%
% x(10)

H_wheel

%
%height of orbit from earth's surface
% x(11)

h [km]

%define Ixx, Iyy, and Izz
Ixx = x(7);
Iyy = x(8);
Izz = x(9);
%define orbital height
h = x(11);
%define standard gravitational constant and

length between satellite and

%center of earth.
mu = .3986004418*10^15; % m^3/2^2
r = (6378 + h)*10^3; % m
%define convenience variable.
con = 3*mu/(2*r^3);
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%derivatives of w terms (with damping). Variables in a human readable form
y(1) = ( con*(Izz - Iyy)*(cos(x(5)))^2*sin(x(4))*cos(x(4)) + ...
(Iyy - Izz)*x(2)*x(3)

) / Ixx; %wx

y(2) = ( con*(Izz - Ixx)*sin(x(5))*cos(x(5))*cos(x(4)) + ...
(Izz - Ixx)*x(3)*x(1) + x(3)*x(10) ) / Iyy;

%wy

y(3) = ( con*(Ixx - Iyy)*sin(x(5))*cos(x(5))*sin(x(4)) + ...
(Ixx - Iyy)*x(1)*x(2)

- x(2)*x(10) ) / Izz;

%wz

%derivatives of attitude angles
y(4) = -x(3)*sin(x(5)) + x(1)*cos(x(6))*cos(x(5)) + ...
x(2)*cos(x(5))*sin(x(6)); %d/dt(angle_x)
y(5) = -x(1)*(cos(x(4))*sin(x(6)) - cos(x(6))*sin(x(4))*sin(x(5))) + ...
x(2)*(cos(x(4))*cos(x(6)) + sin(x(4))*sin(x(6))*sin(x(5))) + ...
x(3)*cos(x(5))*sin(x(4));

%d/dt(angle_y)

y(6) = x(1)*(sin(x(4))*sin(x(6)) + cos(x(4))*cos(x(6))*sin(x(5)))

- ...

x(2)*(cos(x(6))*sin(x(4)) - cos(x(4))*sin(x(6))*sin(x(5))) + ...
x(3)*cos(x(4))*cos(x(5));

%d/dt(angle_z)

%keep inertia the same
y(7) = 0;
y(8) = 0;
y(9) = 0;
%keep momentum bias the same
y(10) = 0;
%keep height the same
y(11) = 0;
%make a column vector for output
y = y';

end
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The master function on the following page was executed to simulate the satellite’s attitude while on orbit.
The following initial conditions were used:
w_0 = [.029;.029;7]
angle_0 = [20 , 1 , 1]
num_days = 3
m_tip = .1
l_boom = 2
w_wheel = 0
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function [out,dcm,t] =sim_master(w_0,angle_0,num_days,m_tip,l_boom,w_wheel)
%runs an orbital simulation with the given initial moments of inertia,
%spin parameters, intial orientation, and number of days.
%inputs
% w_0

[wx

, wy

, wz]

-Rotation about SC x,y,z axes.

%

{degrees per second}

% angle_0 [angle_x

, angle_y , angle_z ] -Initial Rotation from

%

orbital

%

y and z axes.

X Y Z axes to SC x

%

{degrees}

% num_days

-Number of days sim is to be run

%

for.

% m_tip

-Tip mass of gravity gradient

%

boom.

%

{kg }

% l_boom

-Length of gravity gradient

%

boom. Measured from end of positive

%

z-face to COM of the tip mass.

%

{meters}

% w_wheel

-spin rate of included momentum

%

{wheel in RPM}

%input angles and rates are given in degrees, so must be converted.
w_0 = deg2rad(w_0);
angle_0 = deg2rad(angle_0);
% %define height of the orbit
h = 400; %km
% %get orbital period
r = (6378 + h)*10^3; %radius from Center of Earth to SC orbit.
T = 2*pi*sqrt(r^3/.3986004418*10^15);

%uses universal gravitational cons.

%calculate sc rotation about the orbital axes - different since a satellite
%with fixed attitude will actually appear to rotate w.r.t. orbital axes as
%defined.
w_orbital = [

0 ;...
pi/(T*180);...
0];

%need to convert this to rotation about SC axes, since that is what wx, wy,
%and wz
%define angles first
angle_x = angle_0(1);
angle_y = angle_0(2);
angle_z = angle_0(3);
%define rotation matrix to rotate vectors from orbital to sc axes
%orientation of body wrt orbital
O_R_B = [ cos(angle_z)*cos(angle_y) ,
sin(angle_z)*cos(angle_x) ,

cos(angle_z)*sin(angle_y)*sin(angle_x)-

cos(angle_z)*sin(angle_y)*cos(angle_x) + sin(angle_z)*sin(angle_x)
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;...
sin(angle_z)*cos(angle_y),

sin(angle_z)*sin(angle_y)*sin(angle_x) +

cos(angle_z)*cos(angle_x), sin(angle_z)*sin(angle_y)*cos(angle_x) - cos(angle_z)*sin(angle_x)
;...
-sin(angle_y) ,

cos(angle_y)*sin(angle_x) , cos(angle_y)*cos(angle_x) ];

% rotate w_orbital to get w_orbital_sc_frame
w_orbital_sc_frame = O_R_B*w_orbital;
%add these amounts to initial w_0 values
w_0 = w_0 + w_orbital_sc_frame;
%set inertia constants
m_sat_body = 2;
sat_dimensions = [.1 .1 .3];
%assume tip is cylindrical for now...
r_tip = .0564;
h_tip = .005;
%linear density of boom material - how many kg / meter
boom_density = .005;
%calc moments of inertia
inertia = calcInertiaTensor(m_sat_body,sat_dimensions,m_tip,r_tip,h_tip,l_boom,boom_density)
% inertia = [.08 .07 .065]
% inertia = [400 400 10];
%conditional in case of identical Ixx and Iyy. Want the Ixx to be greater
%than the Iyy. This is more realistic than assuming an identical ixx and
%iyy
if inertia(1) == inertia(2)
inertia(2) = inertia(2) - .001*inertia(2);
end
% diff = inertia(1) - inertia(3)
% calc the angular momentum added by the momentum wheel
%wheel dimensions
r_wheel = .035; %m
% h_wheel = .02; %m
h_wheel = .007; %m
% rho_wheel = 2.7*10^3; %kg / m^3
% for 6061 aluminum
% http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=MA6061t6
rho_wheel = 8*10^3; %kg / m^3 steel
%get mass of wheel
m_wheel = pi*r_wheel^2*h_wheel*rho_wheel;
%moment of inertia of the wheel about z-axis
I_wheel = .5*m_wheel*r_wheel^2;

%wheel spin rate
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% w_wheel = 500; %RPM
%convert to Rad/sec
w_wheel = w_wheel*2*pi/60; %rad/sec
%calc the ang. momentum
H_wheel = w_wheel*I_wheel %kg m^2 /sec
%convert days to seconds
t_final = num_days*60*60*24;
%ode solver function call
%specify error tolerances
% options = odeset('RelTol',1e-5,'AbsTol',1e-8);
[t,y]=ode45(@orbital_sim_momentum_wheel_x_axis,[0 t_final], ...
[w_0(1), w_0(2), w_0(3), angle_0(1), angle_0(2), angle_0(3), ...
inertia(1) , inertia(2) , inertia(3), H_wheel, h]');
%convert to deg.
out(:,1:3) = rad2deg(y(:,1:3));
% Get the direction cosine matrix for each set of angles
angles = y(:,4:6);
numPoints = length(t);
dcm = zeros(3,3,numPoints);
for i =1:numPoints
dcm(:,:,i) = rotate2SC(angles(i,:));
end
%now, compute the Euler angles for each phi, theta, and psi:
[yaw , pitch , roll ] = dcm2angle(dcm);
%put in out variable and convert to degrees.
out(:,4) = rad2deg(roll);
out(:,5) = rad2deg(pitch);
out(:,6) = rad2deg(yaw);
%generate plots, get RMS values for output data
%define name index
names = {'w_x','w_y','w_z','roll','pitch','yaw'};
%get last 10% of copmuted data - assume this is steady state
num_data_pts = length(t);
last_10 = round(num_data_pts*.9);
% scale t so that it's in days.
t_days = t/(60*60*24);
for i = 1:6
figure
%do the plotting;
plot(t_days,out(:,i))
%

plot(t_days,out(:,i),'d')
%get the rms
val = rms(out(last_10:num_data_pts,i));
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fprintf([names{i} ': ' num2str(val) '\n'])
%label graph title and axes
title([names{i} ', m tip =' num2str(m_tip), ...
', l boom = ' num2str(l_boom) ...
', Wheel RPM = ' num2str(w_wheel*60/(2*pi)) ])
xlabel('Time [days]')
if ismember(i,1:3)
ylabel('Degrees/second')
else
ylabel('Degrees')
end
end
end
function mat = rotate2SC(angles)
%perform rotation on 'angles' to get it into SC frame.
mat = [ cos(angles(3))*cos(angles(2)) ,

...

cos(angles(3))*sin(angles(2))*sin(angles(1))- sin(angles(3))*cos(angles(1)) , ...
cos(angles(3))*sin(angles(2))*cos(angles(1)) + sin(angles(3))*sin(angles(1)) ;...
sin(angles(3))*cos(angles(2)),

...

sin(angles(3))*sin(angles(2))*sin(angles(1)) + cos(angles(3))*cos(angles(1)), ...
sin(angles(3))*sin(angles(2))*cos(angles(1)) - cos(angles(3))*sin(angles(1)) ;...
-sin(angles(2)) , cos(angles(2))*sin(angles(1)) , ...
cos(angles(2))*cos(angles(1)) ];
end

inertia =
0.4723

0.4723

0.0035

H_wheel =
0
w_x: 0.012632
w_y: 0.012645
w_z: 7.0002
roll: 3.9628
pitch: 3.961
yaw: 103.9207
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Figure 80: X-axis spin rate in degrees per second for 3 days.

Figure 81: Y-axis spin rate in degrees per second for 3 days.
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Figure 82: Z-axis spin rate in degrees per second for 3 days.

Figure 83: Roll (angle between orbital and body x) in degrees for 3 days.
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Figure 84: Roll (angle between orbital and body y) in degrees for 3 days.

Figure 85: Roll (angle between orbital and body z) in degrees for 3 days.

Published with MATLAB® R2013b
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Reaction Wheel Simulation Results
A Simulink model was used to simulate the onboard control system that will flip the satellite if necessary.
A screenshot of this model has been included below:

Figure 86: Simulink Model used to evaluate the satellite flipping maneuver.
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H: Safety Review
a) Rotating Mechanical Parts
The extendable gravity gradient boom design requires a tape measure to be tightly wound inside the
satellite before launch. This stores significant internal energy in the tape material, which could be
inadvertently released during loading of the boom or in the case of a deployment malfunction. This
presents a safety concern, as the tape could forcefully extend into someone’s eye, mouth, or other
sensitive area. Additionally, if the tape detaches from its mount during deployment testing, the boom
could turn into a projectile. To safeguard against this, the following safety procedures and guidelines shall
be followed at all times by any member of the team working directly on the boom, or on any other
subsystems while the boom is loaded and ready for deployment.
i)
ii)
iii)
iv)

Never point the boom mechanism directly at any person, body part, important hardware,
or anything else that could be damaged by the end of the tape measure.
Never look directly at the end of the boom while it is loaded for deployment.
Do not leave the boom unattended while loaded for deployment.
Ensure the anchored end of the boom is securely fastened before loading for deployment.

b) Compressed Cylinder Gasses
There are no components of the satellite or any processes needed for assembly that utilize compressed
gas, so this will not be a safety concern.
c) Cryogenic Fluids
There are no components of the satellite or any processes needed for assembly that utilize cryogenic
fluids, so this will not be a safety concern.
d) High Temperature Fluids
There are no fluids to be carried onboard the satellite and none necessary during assembly, so this will not
be a safety concern.
e) Electrical Parts and Assemblies
The Electrical Power System onboard the satellite will be equipped with separate 12 and 5 volt lines to
power various subsystems, both of which pose a concern of electric shock and component damage if not
handled correctly. Additionally, the power supply required for testing individual components and
simulating solar panel input could create a safety hazard. The following procedures and guidelines shall
be followed at all times while working with live electricity of any kind.
i)

ii)

The power supply shall never be operated on a metal table. Providing voltage to any
wires contacting the table could short the power supply and shock any person or
component also contacting the table.
During final assembly of circuit boards, only work at a designated work station with an
ESD (Electro-static Discharge) grounding wrist strap. This is to prevent static charge
building up inside one’s body and damaging a component.
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iii)

Since there are two voltage levels required for operation of the satellite, individual
components must only be tested and operated with their appropriate rated voltage level. If
using a power supply, ensure the voltage output is set to the appropriate level before
applying power.

f) Harmful and Noxious Chemicals
The only harmful chemicals utilized in this project are inside the lithium-ion batteries, which require
specific procedures for charging, discharging, and storage. These procedures can be found in the safety
guidelines document included below. This document was written for lithium-polymer batteries, but the
safety precautions still apply here.

Robotic Systems Lab Safety Instructions
LiPo Battery Safety
Overview
This packet covers the requirements for safe handling of Lithium Polymer batteries.
Training
Watch the following videos
https://www.youtube.com/watch?v=K6hGvXxFTFA
https://www.youtube.com/watch?v=gobFcNzGG9I
Optional video
https://www.youtube.com/watch?v=ixIOEPnsgbI
Read and review the following document
http://www.horizonhobby.com/pdf/EFL-LiPoSafetyWarnings.pdf
Charging
Batteries must be charged in the designated fire cabinet.
Do not leave the batteries charging unattended or overnight.
It is important to make sure that the cells are charging evenly. Never charge over 4.2 volts per cell.
Always charge at 1C.
Make sure you select the right number of cells for the battery you are charging.
Let batteries cool down before charging.
Usage
Never go below 3.3 volts per cell.
Never discharge over its maximum C rating. Example- If you need to draw 40 amps, the smallest battery
you can use is a 2000mAh battery that is rated at 20 C.
Storage
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Batteries should be stored with each cell at 3.7-3.8 volts.
Store the batteries in designated fire cabinet.
Transport
When transporting the batteries, use LiPo bags and/or metal cases
When to dispose of battery
Do not use the battery if any of the following are met:
At least one of the cells is below 3.0 volts
The battery is bloated
The battery has physical damage

In both photos, the batteries on the left appear to be in good condition; the cells still need to be checked to
make sure that the battery is balanced. The middle batteries are started to bloat and should be disposed of
and no longer used. The batteries on the right have physical damage and should also be disposed of.
Discharge for disposal
TBD- possibly EHS
In case of fire
TBD-If can be safely done, pour sand over batteries to smother fire or use D rated fire extinguisher

In an Emergency:
Call 4444 from the lab phone (or 408-554-4444 from a cell phone), or 911
from a cell phone.

g) Other Potential Hazards
Creation of the outer structure of the satellite will require machining raw aluminum stock into the various
pieces needed. This will involve the use of the school’s milling machines and potentially lathes, which
pose their own set of safety concerns. To mitigate this, all safety guidelines covered in the required SCU
Machine Shop Training shall be followed. The machine shop supervisor will review detailed CAD
drawings of any part to be created in the lab before any work being done, as well as oversee all machining
processes. Before work begins, the intended method of machining will also be confirmed by the shop
supervisor.
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I: Boom Mechanism Assembly Procedure
Materials
• 1x boom outer casing
• 1x boom inner hub
• 1x #10 x 3” machine screw
• 4x #10 hex nut
• 2x M3 x 12mm machine screw
• 4x M3 x 6mm machine screw
• 12x M3 hex nut
• 3x M2.5x6x1.8 ball bearings
• 6x 12mm air hose section
• 3x 35mm 1/8” diameter steel wire sections
• 1x 6” section of Nichrome wire
• 1x 7’ tape measure section (cut and drilled)
• 4x 10mm Teflon tubing section
• 1x boom winding tool
• 2x Endmass mounting bracket
• 1x Endmass
Procedure
1. Insert slotted end of tape measure through rectangular slot in outer casing with slot facing
upwards towards Nichrome wire guides.
2. Insert inner hub into hole in outer casing, aligning the slot in the inner hub with the slot in the
tape measure.
a. As this is done, insert one #10 hex nut into the hexagonal shaped recess inside the inner
hub.
3. Insert slotted end of tape measure into slot of inner hub, so that the slot in the tape measure locks
into the tab inside the inner hub.
a. This will likely require pulling the tape measure into the hub slot with a pair of pliers
until the pieces are aligned completely.
b. The tape measure should insert into the hub slot completely, so that the edge of the tape
measure is flush with the end of the inner hub.
4. Install the ball bearing rollers.
a. Insert one 1/8” diameter steel wire section into one of the three holes in the top or bottom
of the outer casing.
b. Apply one section of air hose to the side of steel wire extending into the outer casing.
c. Apply one ball bearing to the steel wire so that it rests against the air hose.
d. Apply another piece of air hose to the steel wire, so that the two air hose pieces hold the
bearing in place mid-way up the steel wire, as well as hold the steel wire in place inside
the outer casing.
e. Repeat for the other two ball bearing rollers.
5. Insert the Nichrome wire through all four wire guides on top of the outer casing, including a
Teflon insulation section for each wire guide. The two ends of the Nichrome wire should exit the
loop at the corner farthest from the tape measure exit.
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6. Install the large 1 Ohm resistor.
a. Insert one M3 x 12mm machine screw into each hole in the resistor mounting surface.
Insert the screw from the inside of the outer casing, so that the countersunk head matches
with the countersunk holes on the inner face of the resistor mounting surface.
b. Align the holes in the resistor with the M3 screws and secure with two M3 hex nuts.
7. Thread one #10 hex nut onto the #10 x 3” machine screw. Thread the nut all the way up the
threads of the screw and tighten fully against the screw head.
8. Insert the #10 x 3” machine screw with attached nut into the bottom of the outer casing and thread
the screw into the nut that is inside the inner hub.
9. Using the winding tool, wind the tape measure 5 full turns into the outer casing.
10. While holding the inner hub in this position, fully tighten the #10 machine screw so that the inner
hub nut is tight against the bottom of the outer casing.
a. Once tight, ensure that the head of the machine screw is secured inside the hexagonal
recess in the outer casing.
b. The boom should now be anchored at full extension by the inner hub nut. If it is not
extended to the full 2 meters, repeat the process with more or fewer initial turns of the
inner hub to get the correct full deployment length while still having some tape measure
wrapped around the inner hub.
11. Tighten two #10 hex nuts on to the top of the #10 machine screw that is now extending out of the
top of the inner hub. Tighten the two nuts together, leaving space for the inner hub to spin freely.
A single nylon lock nut could also be used here.
12. Insert the tape measure boom through the rectangular hole in the structure endplate, aligning the
four mounting holes on the flat side of the outer casing with the matching mounting holes in the
endplate.
13. Insert one M3 hex nut into each hexagonal recess on the inside face of the mounting holes in the
outer casing.
14. Insert one M3 x 6mm machine screw through each of the structure endplate mounting holes and
thread into the nuts inserted into the outer casing.
15. Assemble Endmass
a. Insert one M3 x 6mm machine screw into each hole in the endmass, aligning the
countersunk screw head with the countersunk holes in the endmass.
b. Place each endmass mounting bracket on the endmass, so that the brackets extend
through the endmass slot.
c. Tighten four M3 hex nuts onto the four M3 x 6mm machine screws, holding the brackets
in place.
16. Install the Endmass onto the end of the tape measure boom.
a. Insert the end of the boom through the endmass brackets, aligning the holes in the tape
measure with the holes in the endmass brackets. The countersunk screw heads in the
endmass should be facing the structure endplate, so that the endmass sits flush inside the
pocket in the endplate.
b. Insert one M3 x 6mm machine screw through each hole in the endmass brackets and the
tape measure, anchoring the endmass to the boom.
c. Tighten one M3 hex nut onto each machine screw.
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